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 Oxygen concentrations are declining in ocean waters globally.  This process of 
deoxygenation is currently recognized as one of the most important changes occurring in 
marine environments increasingly affected by human-induced nutrient pollution and 
global climate change.  Rates of deoxygenation are particularly high in shallow estuaries, 
where conditions of hypoxia (oxygen concentrations < 3 mg L-1) may have large effects 
on biogeochemical cycles by decreasing oxygen zones in sediments, altering benthic 
communities, and shifting diagenesis towards more anaerobic pathways.  Here, I use 
three estuaries within Waquoit Bay (Massachusetts, USA) as models to test the impact of 
hypoxia on fundamental biogeochemical processes, and to evaluate decade-scale trends 
in oxygen dynamics and hypoxic season phenology. 
In Chapters 1 and 2, I investigate the effect of water-column hypoxia on 
ecosystem services provided by the sediments, such as nutrient regeneration, pollutant 
removal, and regulation of greenhouse gas emissions.  In a series of experiments 
designed to simulate low oxygen conditions I found variable biogeochemical responses to 
hypoxia, including little to no change in ammonium efflux or reactive nitrogen removal 
through denitrification.  I also found that hypoxia significantly increased sediment 
 
 x 
phosphate efflux, which lowered water-column nutrient ratios for nitrogen to phosphorus 
and silicon to phosphorus by 50%.  In addition, hypoxia led to approximately a 60% 
decline in sediment uptake of nitrous oxide, representing a diminished ecosystem service. 
In Chapter 3, I show that oxygen dynamics and hypoxia are changing over time in 
Waquoit Bay.  Using a 17-year (2002–2018) time series of nearly continuous water 
quality data I found that despite unchanged total nutrient inputs, summer oxygen 
concentrations declined (by 0.5–2.1 mg L-1, p<0.10), and hypoxic frequency increased 
(p<0.10).  In addition, the hypoxic season began earlier in both the tidal river and the 
open basin (p<0.05).  While increasing temperature accounted for 7–29% of the declines 
in oxygen concentrations, ecosystem gross primary production and respiration stood out 
as having the strongest relationship to the oxygen metrics evaluated.  In the tidal river and 
open basin, these biological processes were most strongly related to wind speed, 
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Chapter 1 – Sediment nitrous oxide fluxes are dominated by uptake in a temperate 
estuary 
Foster, S.Q., and R.W. Fulweiler. 2016. Frontiers in Marine Science: Marine Ecosystems 
Ecology, 3, 40. Doi: 10.3389/fmars.2016.00040 
 
Abstract 
 Coastal marine ecosystems are generally considered important sources of nitrous 
oxide (N2O), a powerful greenhouse gas and ozone depleting substance.  To date most 
studies have focused on the environmental factors controlling N2O production although 
N2O uptake has been observed in a variety of coastal ecosystems.  In this study, we 
examined sediment fluxes of N2O during 2 years (2012–2013) in a shallow temperate 
estuary (Waquoit Bay, MA, USA).  Overall sediments were a net N2O sink (-23 ± 5.2 
nmol m-2 h-1, mean ± SE, significantly less than zero p < 0.0001).  N2O fluxes were 
significantly correlated to water-column dissolved N2O (% saturation; p < 0.0001), 
inorganic phosphorus (DIP; p = 0.0017), and nitrogen (DIN; p = 0.0019), as well as to 
temperature (p = 0.0192).  Additionally, there was a positive correlation between 
sediment N2O uptake and both oxygen (O2) and DIP uptake (p = 0.0002 and p < 0.0001, 
O2 and DIP sediment uptake, respectively).  Results from this study indicate that 
sediments in shallow coastal ecosystems can be a strong sink of dissolved N2O, and 
therefore may mitigate N2O efflux to the atmosphere and export to the coastal ocean.  
Establishing the nature and strength of relationships between environmental conditions 




ecosystem management strategies, N2O budgets, and our ability to predict the response of 
coastal ecosystems to local and global change. 
 
Introduction 
 At the interface between the land and the sea, coastal marine ecosystems process 
large amounts of anthropogenic carbon (C) and nutrients (e.g., nitrogen (N) and 
phosphorus (P); Nixon, 1981; Boynton and Kemp, 1985; Gattuso et al., 1998; Hopkinson 
and Smith, 2005).  Many of the processes that transform these elements occur in estuarine 
sediments making them biogeochemical “hot spots” (McClain et al., 2003; Groffman et 
al., 2009).  In particular, sediments can be a substantial sink for reactive N through 
denitrification (Seitzinger, 1988; Christensen, 1994), and thus may play a key role in the 
flux of nitrous oxide (N2O), a powerful greenhouse gas and ozone depleting substance 
(Ravishankara et al., 2009; Portmann et al., 2012; Myhre et al., 2013).  Although coastal 
ecosystems are typically considered net sources of N2O to the atmosphere (Bange et al., 
1996; Seitzinger et al., 2000; Kroeze et al., 2005), the magnitude and environmental 
controls of these fluxes are not well-constrained (Murray et al., 2015).  Additionally, 
there have been several reports of net uptake from a variety of coastal environments (e.g., 
Kieskamp et al., 1991; Kreuzwieser et al., 2003; LaMontagne et al., 2003; Rajkumar et 
al., 2008; Adams et al., 2012). 
 Whether coastal sediments are a source or sink of N2O depends on a balance 
between both autotrophic and heterotrophic microbial processes that either produce 




state.  In estuarine sediments, microbial nitrification, denitrification, and nitrifier-
denitrification are likely to be the dominant processes producing N2O (Figure 1.1). The 
role of other N cycling processes, including anaerobic ammonium oxidation (anammox), 
dissimilatory nitrate reduction to ammonium (DNRA), fungal denitrification, and 
chemodenitrification is unclear, but to date research suggests that their contribution to 
overall N2O production is relatively small in marine environments (e.g., Shoun et al., 
1992; Einsle et al., 1999; Cooper et al., 2003; Coby and Picardal, 2005; Kartal et al., 
2007; Rakshit et al., 2008).  In canonical nitrification and nitrifier-denitrification, N2O 
can be released as a reductive by-product during the chemoautotrophic oxidation of 
ammonium/ammonia (NHx (NH4+ / NH3)) through hydroxylamine (NH2OH) to nitrite 
(NO2- ; Wrage et al., 2001; Frame and Casciotti, 2010; Santoro et al., 2011).  N2O can 
also be produced by both canonical denitrification and nitrifier-denitrification as an 
intermediate compound, during the reduction of oxidized N species to di-nitrogen gas 
(N2; Wrage et al., 2001; Fernandes et al., 2010).  Alternatively, canonical denitrification, 
nitrifier-denitrification, DNRA, and N-fixation are capable of consuming N2O (Firestone 
and Davidson, 1989; Sanford et al., 2012; Farías et al., 2013; Giblin et al., 2013; Figure 
1.1). 
 The amount of N2O produced or consumed depends on substrate availability and 
environmental conditions which regulate the relative rate of these processes (Zumft and 
Kroneck, 2007; Murray et al., 2015). Dissolved inorganic nitrogen (DIN) is one of the 
most significant factors controlling the flux of N2O. High concentrations of NH4+ and 




denitrification (Seitzinger and Nixon, 1985; Bange, 2006; Barnes and Upstill- Goddard, 
2011; Moseman-Valtierra et al., 2011).  Alternatively, low DIN coupled with low oxygen 
(O2) concentrations can promote uptake of N2O by denitrification and DNRA (Chapuis- 
Lardy et al., 2007; Figure 1.1).  N2O uptake can also occur under conditions of abundant 
DIN, when NH4+ dominates the inorganic N pool (Middelburg et al., 1995; Rajkumar et 
al., 2008; Adams et al., 2012).  The quantity and quality of organic matter can greatly 
influence rates of net denitrification (Fulweiler et al., 2007, 2008; Eyre et al., 2013).  And 
finally, the concentration of hydrogen sulfides can inhibit both nitrification (Joye and 
Hollibaugh, 1995) and nitric oxide (NO) and N2O reduction by denitrifiers (Sørensen et 
al., 1980). However, the overall impact of organic matter and sulfide concentrations on 
sediment N2O fluxes is unknown. 
 Here we examine sediment N2O fluxes in a shallow (2 m mean depth), temperate 
estuary (Waquoit Bay, Massachusetts, USA).  Our goals were two-fold.  First, we wanted 
to determine if the estuarine sediments in this system were a source or sink of N2O.  
Second, we wanted to investigate the environmental characteristics (e.g., temperature, 
salinity, oxygen and nutrient concentrations and fluxes) influencing sediment N2O fluxes.  
Determining the controls on the benthic flux of N2O is an essential step in establishing 
the potential for estuarine sediments to mitigate emission of this powerful greenhouse 
gas.  Furthermore, a better understanding of the role various environmental parameters 
play in N2O budgets enables us to make better-constrained models that will improve 
management decisions on local, regional, and global scales.  In Waquoit Bay, we 




NO3- concentrations are low, while sediment organic matter is relatively high, and O2 is 
consumed quickly in the upper millimeters of the sediment.  We also hypothesized that 
both O2 and nutrient dynamics would have a substantial impact on the magnitude of N2O 








Figure 1.1 Conceptual diagram of dominant processes that influence the flux of nitrous oxide at the sediment-water interface. 
The blue shading represents water above the sediments, light gray shading represents the oxic region of the sediment profile and the dark gray shading 
represents sub-oxic/anoxic sediments.  Abbreviations for nitrogen species are as follows: di-nitrogen (N2), ammonia/ammonium (NHx), hydroxylamine 
(NH2OH), nitrite (NO2- ), nitrate (NO3- ), nitric oxide (NO), nitrous oxide (N2O).  Red lines and font indicate an efflux of N2O out of the sediments into 
the overlying water and blue lines indicate sediment N2O uptake.  Dashed arrow lines indicate the potential for a N2O flux, but limited evidence from 
the current literature.  Note that the vertical profile is idealized and certain processes may occur at the same depth when suitable micro-environmental 


























Sediment Coring and Field Measurements 
 We collected sediment cores and water samples from Waquoit Bay (41° 34′ N, 
70° 32′ W) on six occasions at four sampling stations (Childs River Estuary (CRE), 
Metoxit Point (MP), South Basin (SB), and Sage Lot Pond (SLP); Figure 1.2) over 2 
years (2012 and 2013; Table 1.1).  We selected these sampling stations as they represent 
the environmental conditions of the Waquoit Bay estuarine system including variability 
in salinity and temperature profiles, external N loading rates, DIN (NO2- , NO3- , NH4+), 
and dissolved inorganic P (DIP: PO43-) concentrations, chlorophyll-a concentrations, and 
sediment characteristics (as described by Foster and Fulweiler, 2014).  Concentrations of 
DIN, DIP, and N2O did not differ significantly between the surface and bottom waters, 
except on two occasions at the CRE station.  On these sampling dates, CRE surface water 
NOx (NO2- + NO3-) was significantly higher than the bottom water (p = 0.0003).  In 
general, the water-column at all stations is well-mixed, however at CRE freshwater 
inflow from river and groundwater can at times cause vertical stratification.  
 We collected triplicate sediment cores using clear polyvinyl chloride (PVC) core 
tubes (10 cm diameter and 30 cm height) and a pole corer. The sediment height in the 
collected cores ranged from 9 to 17 cm. In the field cores were capped and kept in a 
cooler in order to maintain approximate field temperature until they were brought to an 
environmental chamber at Boston University. On core collection days, we measured in 




using LDO101 and CDC401 probes) at each station.  Bottom water was collected using a 
Niskin Water Sampler (General Oceanics, Miami, Florida, USA) and surface water was 
collected by hand.  Duplicate water samples for DIN and DIP were immediately filtered 
into 30 mL acid washed and deionized water leached polyethylene bottles using a 60 mL 
acid washed polypropylene syringe and glass fiber filters (Whatman GF/F, 0.70 µm pore 
size).  The vials were stored in a freezer (at approximately -15 °C) until analysis.  We 
also collected triplicate water samples for dissolved N2O gas analysis using 12 mL Labco 
Limited Exetainer	® vials with gastight septa.  Sample vials were filled from the bottom 
with ∼3 times the overflow volume and preserved with 25 µL of saturated zinc chloride 
solution.  These samples were then placed in a cooler on ice and transferred to a 






Figure 1.2 Sampling locations in Waquoit Bay, Massachusetts, USA. 
In 2012–2013 during summer and fall months we collected sediment cores and water samples from four 
stations: CRE (Childs River Estuary), MP (Metoxit Point), SB (South Basin), and SLP (Sage Lot Pond).  





Table 1.1 Environmental conditions at four stations sampled in Waquoit Bay, Massachusetts, USA.   
Temperature, salinity, nutrient concentrations, and nitrous oxide concentrations are from the water above sediment cores taken at the start of the 
dissolved gas incubation.  Values are the mean (±standard error) for all sediment cores incubated per station per date (n = 3 for all except, n = 4 (SLP: 6 
Aug, 2012), and n = 5 (MP: 6 Aug, 2012)).  Abbreviations for chemical species are as follows: ammonium (NH4+), nitrate (NO3-), nitrite (NO2-), 






Table 1.  Environmental conditions at four station  s mpled in Waquoit Bay, Massachusetts, USA. Temperature, salinity, nutrient concentrations, and nitrous 747	
oxide concentrations re from the wate  above s diment cores tak n at the st rt of the dissolved gas incubation.  Values are the mean (±standard error) for all748	
sediment cores incubated per station per date (n=3 for all except, n=4 (SLP, 6 Aug 2012), and n=5 (MP, 6 Aug 2012)).  Abbreviations for chemical species are as 749	
follows: ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), ph sphate (PO43-), and nitrous oxide (N2O).  For some f cores c ncentr tions were b low the 750	
detection limit of our analyses, these are indicated by n.d. for ‘non-detect’. 751	
 752	
 Station (Abbr.)  Latitude Longitude Depth Sampling  Temperature Salinity NH4+ NO2- + NO3- NO2- PO43- N2O N2O     (°N, minutes) (°W, minutes) (m) Date (°C) (ppt)  (µmol/L)  (µmol/L)  (µmol/L)  (µmol/L)  (nmol/L) (% Saturation) 
               
 Childs River Estuary (CRE)  41° 34.805 70° 31.826 1.3 11-Jul-2012 26.2 (±0.34) 30.1 (±0.03) 11.3 (±1.62) n.d. 0.02 (±0.01) 0.84 (±0.03) 10.7 (±0.13) 174 (±2) 
      23-Sep-2013 20.4 (±0.13) 27.3 (±0.00) 2.78 (±0.30) n.d. n.d. 0.03 (±0.01) 10.5 (±0.47) 154 (±7) 
      21-Oct-2013 16.6 (±0.05) 28.5 (±0.03) 14.6 (±1.42) 0.78 (±0.02) 0.01 (±0.00) 1.15 (±0.04) 17.3 (±1.11) 258 (±17) 
      2-Dec-2013 6.4 (±0. 03) 28.2 (±0.15) 2.86 (±0.27) 0.44 (±0.22) 0.02 0.13 (±0.01) 17.4 (±0.41) 244 (5) 
 Metoxit Point (MP)  41° 34.134 70° 31.272 2.1 11-Jul-2012 26.1 (±0.20) 31.5 (±0.03) 11.5 (±1.79) n.d. 0.02 (±0.01) 1.27 (±0.05) 11.9 (±0.94) 200 (16) 
      6-Aug-2012 27.0 (±0.18) 29.8 (±0.04) 13.8 (±1.59) 0.09 0.04 (±0.01) 0.66 (±0.11) 83.5 (±4.63) 1355 (±75) 
      2-Oct-2012 18.7 (±0.02) 30.1 (±0.03) 15.7 (±6.41) n.d. n.d. 0.50 (±0.12) 8.50 (±0.43) 134 (±7) 
      23-Sep-2013 20.5 (±0.09) 29.7 (±0.00) 6.57 (±0.61) n.d. n.d. 0.23 (±0.03) 9.29 (±0.84) 146 (13) 
      21-Oct-2013 16.6 (±0.03) 30.4 (±0.27) 6.42 (±1.27) 0.18 (±0.00) 0.01 (±0.00) 0.27 (±0.01) 9.03 (±0.11) 142 (±1) 
      2-Dec-2013 6.3 (±0.07) 31.6 (±0.06) 9.05 (±2.55) n.d. n.d. 0.47 (±0.06) 12.3 (±0.20) 189 (±3) 
 South Basin (SB)  41° 33.404 70° 31.442 1.8 11-Jul-2012 26.4 (±0.23) 31.9 (±0.03) 8.55 (±0.75) n.d. n.d. 0.86 (±0.05) 9.79 (±1.01) 167 (±17) 
       N `2-Oct-2012 18.6 (±0.05) 31.5 (±0.00) 4.98 (±0.50) 0.04 n.d. 0.82 (±0.08) 9.15 (±1.20) 149 (±20) 
 Sage Lot Pond (SLP)  41° 33.270 70° 30.584 1.1 6-Aug-2012 27.1 (±0.23) 30.5 (±0.05) 14.5 (±1.81) n.d. 0.04 (±0.01) 0.75 (±0.16) 180 (±22.4) 2965 (365) 
      23-Sep-2013 20.4 (±0.10) 29.7 (±0.00) 4.26 (±0.07) n.d. n.d. 0.21 (±0.01) 8.84 (±0.21) 138 (3) 
      21-Oct-2013 16.8 (±0.00) 31.3 (±0.03) 3.17 (±0.49) 0.01 0.02 (±0.01) 0.18 (±0.02) 8.40 (±0.04) 135 (1) 









Incubation Set-up and Sampling 
 Sediment cores were placed in a water bath in an environmental chamber set to 
the ambient field temperature.  The sediment cores were kept in the dark, uncapped, and 
bubbled gently with ambient air overnight (> 12 h) to keep the overlaying water 
oxygenated without disturbing the surface of the sediment (Fulweiler et al., 2008; Heiss 
et al., 2012; Fields et al., 2014).  
 To determine benthic flux rates we conducted two separate static core incubations 
(Banta et al., 1995). Both incubations were conducted in the dark.  During the first 
incubation we collected samples to determine the DIN/DIP fluxes, and in the second 
incubation we collected samples to determine the flux of dissolved N2O gas.  We 
separated these incubations in order to minimize the sample volume taken from the cores 
at each time point thus decreasing potential dilution impacts.  The two incubations were 
separated by at least 12 h and cores were again bubbled gently with ambient air 
(Fulweiler et al., 2007; Heiss et al., 2012; Vieillard and Fulweiler, 2012).  Before each of 
the core incubations we carefully siphoned off the water overlaying the sediment and 
replaced it with filtered (0.2 µm), station specific bottom water (Giblin et al., 1995; 
Hopkinson and Smith, 2005; Fulweiler et al., 2008).  After each core tube was filled it 
was then sealed with no air headspace (water volume above cores ranged from 1.1 to 1.8 
L) with an acrylic gas-tight lid equipped with inflow and outflow ports (Dornblaser et al., 
1989).  
 Magnetic stir bars fixed to the core tops provided gentle mixing of the overlying 





1989; Giblin et al., 1995; Hopkinson et al., 2001; Renaud et al., 2008).  The incubation 
temperatures ranged from 6 to 30 °C (Table 1.1).  Incubation time was determined by 
balancing the following criteria: achieving a 62.5 µM (2 mg O2 L-1) drop in dissolved O2 
(Giblin et al., 1995), five sampling time points at intervals of at least 60 min, and 
dissolved O2 concentrations kept above the hypoxic threshold (> 62.5 µM; Heiss et al., 
2012). Incubation times ranged between 5 and 17 h.  
 At each time point 60 mL of water was collected from the cores and filtered for 
DIN and DIP analysis as described above in the field sampling description.  Dissolved O2 
concentrations were measured at three time points (initial, middle, and final) using an 
optical dissolved oxygen sensor (Hach LDO101).  At the start of the second incubation 
we replaced the overlying water with filtered station water and the cores were again 
sealed with the gas tight lids and the incubation proceeded.  We collected duplicate water 
samples for N2O at five time points allowing for overflow for each sample vial (Labco 
Limited Exetainer	®).  
Sample Analysis and Flux Calculations 
 Dissolved inorganic nitrogen concentrations were determined by high-resolution 
digital colorimetry on a Seal Auto Analyzer 3 with segmented flow injection using 
standard techniques (Solorzano, 1969; Johnson and Petty, 1983; Grasshoff et al., 1999).  
Our laboratory minimum detection limits (MDLs) for the period of this study are 0.082, 
0.035, 0.006, and 0.012 µM for NH4+, NOx (NO2- + NO3-), NO2-, PO43- channels, 
respectively.  Concentration values for NO2- and NO3-were consistently low and in many 





than the measured concentration of NO2- yielding a negative (i.e., “non-detect”) value for 
NO3-.  
 Concentrations of dissolved N2O gas were measured directly using a headspace 
equilibration technique similar to published methods (Kling et al., 1991).  In brief, we 
created a headspace in each vial by adding 5 mL of ultra-high purity helium while 
simultaneously removing 5 mL of water sample.  We carried out this procedure used 
Hamilton	® gastight glass syringes equipped with stopcocks and Luer Lock connection 
dispensing needles, entering the Labco Exetainer	® vials through the septa.  Once the 
headspace was created, samples were shaken vigorously and left on their sides to 
equilibrate for a minimum of 1 h.  After equilibration, we sampled the headspace and 
injected it into a Shimadzu 2014 Gas Chromatograph (GC) using an electron capture 
detector (ECD) with a 63Nickel (Ni) source.  The columns contained HayeSep	® and 
Shimalite	®.  Di-nitrogen (UPC grade) was used as the carrier gas and the make-up gas 
was a P5 mixture (5% methane, argon balance).  Detector/column temperatures and gas 
flows followed specifications from the manufacturer (Shimadzu).  Concentrations of 
headspace N2O were determined through a linear regression of peak area and standard 
concentrations custom made by Airgas	®	(Radnor Township, Pennsylvania, USA).  The 
amount of N2O in the headspace was calculated using the Ideal Gas Law and aqueous 
concentrations of the dissolved gas were calculated according to Henry’s Law using a 
Bunsen coefficient determined by the equation and constants of Weiss and Price (Weiss 
and Price, 1980). 





linear regression slope of the nutrient or gas concentration over the incubation time 
(Banta et al., 1995; Giblin et al., 1997; Hopkinson et al., 1999; Heiss et al., 2012) when 
the coefficient of determination (R2) was ≥ 0.65 (Prairie, 1996).  Positive fluxes represent 
a net efflux (i.e., production) of the analyte out of the sediments into the water-column, 
and negative fluxes represent a net influx (i.e., uptake) of the analyte into the sediments 
from the water-column (Fulweiler et al., 2008; Heiss et al., 2012).  On some occasions 
the R2 ≤ 0.65.  When there was no change in the analyte concentration the flux was 
determined to be net zero, representing either a balance between production and 
consumption processes in the sediments and/or rates that are below our detection limit.  
We designated fluxes as “non-detect” when there was a change in the analyte 
concentrations but the change was not linear (R2 < 0.65). 
 Dissolved inorganic nitrogen fluxes from 2012 were published previously (Foster 
and Fulweiler, 2014).  We compiled these 2012 data with DIN flux data from 2013 in this 
study to use as supporting data to compare to the 2012–2013 N2O and DIP flux data. 
Data Analysis 
 All statistical tests were conducted using the JMP software package (version 
11.0.0, copyright 2013, SAS Institute Inc., Cary, North Carolina, USA).  To determine if 
flux rates were significantly different from each other we ran analysis of variance 
(ANOVA) tests with sampling date and station as the main effects (Heiss et al., 2012; 
Vieillard and Fulweiler, 2012; Brin et al., 2014).  We then conducted an all pairs Tukey-
Kramer post- hoc tests (Tukey, 1949) to further examine where differences existed in our 





according to the O’Brien’s unequal variance test (p = 0.4366 and 0.0723, station and date, 
respectively).  We determined outliers in dataset distributions as points that exceed 1.5 
times the interquartile range beyond the first or third quartiles using Grubb’s test for 
outliers (Grubbs, 1950).  We determined outliers in our linear regression models as data 
points with a Cook’s D influence value >1.0 (Cook, 1977).  To determine the parameters 
that best described the variability observed in the N2O flux rates we applied single 
variable linear regression models and then developed multiple linear regression (MLR) 
models.  We constructed the MLR models stepwise using minimum Akaike’s 
Information Criterion (AICc; Akaike, 1973) as the stopping rule in the forward direction.  
To evaluate the appropriateness of using linear models, we plotted the model predictions 
against the model residuals and verified that the data were randomly distributed across y 
= 0.  For all statistical analyses we interpreted a p ≤ 0.05 as statistically significant. 
 
Results 
Nitrous Oxide Fluxes Across the Sediment-water Interface 
 N2O fluxes ranged from  -99 to 78 nmol N2O m-2 h-1.  However, on one sampling 
date (6-Aug-2012), we measured uncharacteristically high N2O fluxes (-1346 to 681 
nmol N2O m-2 h-1) well outside the range of the other data.  All 6 cores with non-zero 
fluxes from this date were outliers (p < 0.0001).  We attribute these high fluxes to the 
initial N2O concentrations measured in each of the cores at the start of the incubation.  On 
this date, initial N2O concentrations were 1–2 orders of magnitude greater than the initial 





strongly correlated with N2O uptake rates (R2 = 0.77, p = 0.068, n = 6 cores).  In order to 
more accurately investigate the environmental controls on N2O fluxes, we did not include 
the 6-August-2012 N2O fluxes in our analyses. 
 On average, Waquoit Bay sediments consumed N2O (-23 ± 5.2 nmol N2O m-2 h-1, 
mean ± SE, significantly less than zero, p < 0.0001, n = 39 cores).  N2O fluxes did not 
differ across stations (p = 0.2410; Figure 1.3).  Sediment N2O uptake (i.e., negative flux) 
was observed in a majority of the cores with significant N2O fluxes (28 negative, 2 
positive, and 9 zero; Figure 1.4 (A, C, E, G), and Figure 1.5 (A, C). 
Influence of Environmental Conditions and Sediment Dynamics 
N2O Flux 
 To investigate the relative influence of environmental conditions and sediment 
dynamics on N2O fluxes, we compared N2 O fluxes (i.e., net positive, zero, and negative 
values) to initial water-column concentrations of geochemical parameters and sediment 
nutrient and O2 fluxes measured concurrently. Geochemical conditions included, salinity, 
temperature, DIN, DIP, N:P, O2 (% saturation), N2O (% saturation), and sediment fluxes 
included NH4+, NO2- , NO3-, DIP, and O2. Across the various geochemical parameters we 
found that the initial concentrations of N2O (% saturation), DIN, DIP as well as 
temperature all significantly influenced N2 O fluxes (p < 0.0001, p = 0.0019, 0.0017, 
0.0192, for N2O, DIN, DIP, and temperature, respectively; Table 1.2). All these 
parameters were inversely correlated to N2O fluxes, where higher initial concentrations 
and temperatures led to more negative N2O fluxes (Figure 1.4 (A, C, E, G).  Based on the 





model (MLR: R2 = 0.60, p < 0.0001; Table 1.2).  We also found sediment N2O fluxes 
were positively related to O2 and DIP fluxes, although the relative statistical significance 
was not as strong (p = 0.0696 and 0.0762, O2 and DIP, respectively; Figure 1.5 (A, C) 
and Table 1.3). 
 
 
Figure 1.3 Sediment nitrous oxide fluxes across the sediment-water interface. 
Fluxes are from cores collected across the four Waquoit Bay sampling stations.  Stars indicate outliers in 
the station distribution of N2O flux rates.  Positive fluxes indicate that sediments are a net source of N2O 
and negative fluxes indicate sediments are a net N2O sink.  Net zero fluxes indicate a balance between 
source and sink processes.  Abbreviations for sampling stations: Childs River Estuary (CRE), Metoxit Point 
(MP), South Basin (SB), and Sage Lot Pond (SLP).  Stations are listed from a relatively high external N 
load (CRE) to a relatively low N load (SLP).  Overall sediments consumed N2O (-23 ± 5.2 nmol m-2 h-1, 
mean ± SE, significantly less than zero p < 0.0001, n = 39) and did not differ between stations (p = 0.2412, 






Table 1.2 Results from linear regression models comparing environmental parameters on nitrous oxide fluxes. 
“N2O Flux” includes positive, zero, and negative flux rates across the sediment-water interface, while “N2O Uptake” is a subset including negative rate 
values only.  Please note that only two cores had positive flux values (and seven cores were net zero), so it was not possible to have a subset for 
“Production.”  Concentration measurements are from water overlying sediment cores at the start of the incubation. DIN includes NH4+, NO2-, and NO3-, 
although for all samples NH4+ accounted for the majority of DIN. DIP includes PO43-.  The final two rows on the regression table is from multiple linear 
regressions (MLR) constructed by adding in variables stepwise, using minimum Akaike Information Criterion (AICc) as the stopping rule in the forward 
direction for N2O Flux and N2O Uptake.  We used a constructed variable (DIN * DIP * N2O (% saturation)) in the N2O Uptake model to account for 
multicollinearity, caused by these three co-varying parameters (R2 ≥ 0.65).  Model rankings are based on AICc scores (where lower values are a better 
model fit). 
 




2 p AICc Model Ranking R
2 p AICc Model Ranking 
  Salinity 0.01 0.5357 387.4 8 0.01 0.6945 266.8 8 
  Temperature 0.14 0.0192 382 6 0.34 0.0010 255.2 5 
  O2 (% saturation) 0.08 0.0806 384.6 7 0.19 0.0194 261.0 7 
  N2O (% saturation) 0.59 <0.0001 353.4 2 0.77 <0.0001 225.9 3 
  DIN 0.23 0.0019 377.6 4 0.73 <0.0001 230.2 4 
  DIP 0.24 0.0017 368.5 3 0.70 <0.0001 225.6 2 
  N:P 0.00 0.7137 378.9 5 0.03 0.4067 257.8 6 
  		 		 	 		 		 		 	 		 		
  MLR Flux:          		
   N2O (% sat), DIP 0.6 <0.0001 346.7 1 		 	 		 		
  MLR Uptake:    		 	     
  
 (DIP*DIN*N2O 
(%sat)), Temperature  






Table 1.3 Linear regression model results comparing oxygen and nutrient fluxes to nitrous oxide fluxes. 
“Flux” includes positive, zero, and negative flux rates across the sediment-water interface, while “Uptake” is a subset including negative rates only and 
“Production” is a subset including positive rates only.  Flux rates considered including oxygen (O2), ammonium (NH4+), nitrite (NO2-), and nitrate 
(NO3-), and phosphate (PO4-3).  Model ranking is based on p-values and n is the number of cores included in the regression. 
 
		 N2O Flux N2O Uptake 
		 Flux Parameter R
2 p n Model Ranking Flux Parameter R
2 p n Model Ranking 
		 O2 Flux 0.09 0.0696 39 1 O2 Uptake 0.41 0.0002 28 2 
		 NH4+ Flux 0.05 0.1664 39 4 NH4+ Production 0.01 0.6500 23 4 
		 NO2- Flux 0.20 0.1273 13 3 NO2- Uptake 0.14 0.4047 7 3 
		 NO3- Flux 0.01 0.8255 6 5 NO3- Uptake 0.00 0.9582 5 5 









Figure 1.4 Relationship between initial geochemical parameter concentrations and sediment nitrous 
oxide fluxes. 
The first column of plots (A, C, E, G) compares parameters to “N2O Flux” which includes positive, zero, 
and negative rate values, while the second column (plots B, D, F, H) compares parameters to “N2O Uptake” 
which is a subset including negative rates only.  Please note that only two cores had positive flux values 
(and seven cores were net zero), so it was not possible to have a subset for “Production.” Geochemical 
parameters include N2O (% saturation; A,B), dissolved inorganic nitrogen (DIN; C, D), phosphorus (DIP; 
E, F), and temperature (G, H). Lines through points show results from the single variable linear regression 
models.  p-values were determined with significance level α = 0.05.  For all cores, the initial total DIN 
concentrations were predominantly NH4+ with very little to no contribution of oxidized nitrogen 
compounds.  In all cores NH4+ accounted for >75% of the total DIN and in all but one core it accounted 
for > 91%.  


























































































































































































 Overall, sediments in Waquoit Bay consumed N2O with 72% of the cores 
showing net N2O uptake (i.e., negative fluxes; Figure 1.4).  To better understand what 
environmental conditions influenced N2O uptake rates we examined how the negative 
fluxes alone varied with other measured parameters (Table 1.2).  Similar to the N2O flux 
results, we found that sediment N2O uptake was inversely correlated to the initial N2O (% 
saturation), DIN, DIP, and temperature (p < 0.0001 for N2O (% saturation), DIN, DIP, p 
= 0.0010 for temperature) where higher nutrient concentrations and temperatures resulted 
in greater N2O uptake (i.e., greater negative fluxes; Figure 1.4 (B, D, F, H).  Oxygen (% 
saturation) was also significantly correlated to N2O uptake (p = 0.0194), although the 
relationship was positive with lower O2 (% saturation) concentrations corresponding to 
higher N2O uptake rates (i.e., greater negative fluxes).  The influence of DIP on N2O 
uptake rates was stronger than DIN based on the slope of the linear regression model (m 
= -53.1 vs. -4.93 nmol N2O m-2 h-1 per µM DIP vs. DIN, respectively; Figure 1.4 (D, F).  
The ratio of initial concentrations of DIN to DIP (n = 25) appeared to influence N2O 
uptake rates, although the correlation was not statistically significant for a linear model 
(N2O uptake = (1.32 ∗ N:P) - 60.2, R2 = 0.14, p = 0.061, n = 25, removing two outliers 
from the N:P dataset) or an exponential model (N2O uptake = -(e3.98 - (0.035 ∗ N:P)), R2 = 
0.15, p = 0.061, n = 25).  Nonetheless, the highest rates of N2O uptake (> 50 nmol m-2 h-
1) were observed only when the initial N:P ratios were below 16:1 (Figure 1.6). 
 From these individual linear regression models we found that N2O (% saturation), 





0.0001) with DIP being the most influential parameter (based on AICc of best-fit; Table 
1.2).  Covariance among three of the predictive parameters DIN, DIP and N2O (% 
saturation) caused multicollinearity in our MLR model (N2O vs. DIP: R2 = 0.74, p < 
0.0001; DIP vs. DIN: R2 = 0.75, p < 0.0001). The best-fit MLR model included 
temperature and a combined parameter of these three co-varying variables created by 
multiplication (DIN ∗ DIP ∗ N2O (% saturation)).  This MLR model strongly predicted 
N2O uptake rates (MLR: R2 = 0.90, p < 0.0001; Table 1.2). 
 We also compared N2O uptake rates to sediment flux dynamics and found that 
sediment uptake of O2 and DIP were positively correlated to uptake of N2O (p = 0.0002 
and p < 0.0001, O2 and DIP, respectively; Figures 1.5 (B, D, Table 1.3).  In particular, 
DIP uptake had a strong predictive power on N2O uptake (R2 = 0.78).  We found no 
significant relationships between N2O uptake and any of the DIN fluxes (Table 1.3).  It 
was difficult to clearly determine the influence of NO2- and NO3- uptake however, 
because of the low sample sizes from numerous non-detect concentration values.  Based 
on the large variation in sample sizes between the flux parameters, we did not compare 
AICc scores from the single variable linear regression models, and did not construct an 







Figure 1.5 Influence of sediment oxygen and phosphate fluxes on the sediment nitrous oxide flux. 
Plots on the left relate fluxes of oxygen (O2) (A) and phosphate (PO43-) (C) to nitrous oxide (N2O) flux 
across the sediment-water interface.  Sediment uptake rates are shown in the adjacent column of plots for 
O2 (B) and PO43- (D).  “Flux” includes all positive, zero, and negative rates, while “uptake” includes 
negative rates only.  Lines through points show results from the single variable linear regression models. p-
values were determined with significance level α = 0.05. 
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Figure 1.6 Nitrous oxide flux across the sediment-water interface compared to the ratio of nitrogen to 
phosphorus. 
Nitrogen (N) to phosphorus (P) ratios were determined from the initial dissolved inorganic N (DIN) and P 
(DIP) molar concentrations measured from water above the sediments at the start of the incubation.  Orange 




























Influential Parameters on Sediment N2O Uptake 
 Sediment N2O fluxes in Waquoit Bay were dominated by uptake at all the sites 
and across all sampling dates. These findings are consistent with a previous study 
conducted in Waquoit Bay two decades ago (LaMontagne et al., 2003).  In a recent global 
review of coastal N2O flux ranges, Murray et al. (2015) found that 37% of the locations 
reported negative N2O flux rates.  In fact, substantial uptake rates have been measured in 
a range of latitudes and coastal systems including, salt marshes (Blackwater estuary, 
Essex, UK; Adams et al., 2012), mangroves (Brisbane and near Port Douglas, 
Queensland, Australia; Kreuzwieser et al., 2003), intertidal sediments (Rowley River, 
Massachusetts, USA; Vieillard and Fulweiler, 2014), and in estuarine open water bodies 
(Adyar River Estuary, India; Rajkumar et al., 2008). 
 We found that sediment N2O uptake rates (i.e., negative fluxes) are significantly 
influenced by DIN, DIP, N2O (% saturation), O2 (% saturation), temperature, and the rate 
of sediment DIP and O2 uptake.  When we consider all N2O fluxes together (i.e., positive, 
zero, and negative values), these factors are also the dominant predictive parameters, 
although the relationships are weaker.  Based on the findings of previous studies and our 
current understanding of sediment N2O flux dynamics, some of the relationships found 
were expected (e.g., temperature, N2O, and O2 % saturations, and O2 uptake), while 
others were less so (e.g., DIN and DIP concentrations and DIP uptake). 
 Temperature is often a key factor regulating bacterial activity and we therefore 





Owens, 1999).  In Waquoit Bay, higher temperatures were positively correlated to both 
sediment N2O fluxes and uptake rates, although it explained only a small portion of the 
variability.  Water-column N2O and O2 (% saturation) also played an influential role on 
sediment N2O uptake rates.  Higher concentrations of N2O where positively correlated to 
high rates of N2O uptake, indicating that adding more reactant (i.e., N2O) facilitates 
greater consumption rates.  In contrast, low O2 (% saturation) corresponded to high N2O 
uptake rates.  This is consistent with research from oxygen minimum zones (OMZs) that 
have found N2O consumption by denitrification in the oxygen-depleted core of OMZs 
(Cohen and Gordon, 1978; Yoshida et al., 1984; Yoshinari et al., 1997; Farías et al., 
2007; Yamagishi et al., 2007).  Low O2 conditions favor N2O consuming processes (e.g., 
denitrification, DNRA, heterotrophic N-fixation; Figure 1.1), which use anaerobic 
metabolic pathways and consume organic carbon.  Similarly, we found sediment O2 
uptake to be positively correlated to N2O uptake, signifying the importance of organic 
matter substrate since the rate of sediment O2 uptake can be proxy for the amount of 
organic matter in the sediments (i.e., high organic matter content promotes high O2 
uptake rates). 
 In numerous studies, the concentration of N has been shown to be a good 
predictor of N2O fluxes from a variety of ecosystems from both terrestrial (Eichner, 1990; 
Liu and Greaver, 2009; Acton and Baggs, 2011) and marine environments (Seitzinger 
and Nixon, 1985; Murray et al., 2015).  The hypothesis that N loading to coastal systems 
increases the efflux of N2O is based on a conceptual model where increasing N loads to 





greater emission of N2O during processes such as nitrification and denitrification 
(Seitzinger et al., 1984, 2000; Firestone and Davidson, 1989).  In contrast to this model 
we found higher sediment N2O uptake rates under increasing DIN concentrations.  This is 
likely driven by the fact that DIN was dominated by ammonium while NO2- and NO3- 
concentrations were so low they were undetectable.  In addition, we also observed higher 
sediment N2O uptake rates under increasing DIP concentrations.  Although we recognize 
that these correlations do not necessarily signify causality, we hypothesize that microbial 
processes responsible for N2O consumption may be stimulated by water-column DIN and 
DIP and thus, sediment N2O uptake could be limited by inorganic nutrient availability.   
 This hypothesis is also supported by the uptake of DIP in these sediments and the 
positive correlation between DIP uptake and N2O uptake.  Sediment DIP uptake is 
particularly intriguing since marine sediments are typically considered to be a source of 
DIP.  High sulfate concentrations (Sugawara et al., 1957; Caraco et al., 1989), and low 
bottom water O2 conditions (Mortimer, 1941, 1942) characteristic of shallow marine 
systems limit their ability to retain DIP through mineral precipitation and/or adsorption 
which enhances sediment release of DIP.  The seasonal variability of the benthic DIP flux 
is characterized with a high efflux of DIP during the warmest months of the year (Nixon 
et al., 1980; Jensen et al., 1995).  In contrast to these commonly observed trends, we 
found that DIP was consumed in the majority of Waquoit Bay sediment cores across all 
incubation temperatures.  Although, DIP fluxes are often explained by abiotic 
adsorption/mineral formation in coastal marine sediments, uptake of DIP by 





1988).  In Waquoit Bay, sediment O2 uptake had a positive linear relationship to DIP 
uptake (R2 = 0.40, p < 0.0001, plot not shown).  One interpretation of this result is that at 
least part of the DIP uptake may be explained by microbial aerobic metabolism.  We 
might then expect that anaerobic metabolisms may also be influencing DIP uptake if we 
assume that the stoichiometric requirement for P would be high for any actively growing 
microorganism (Vadstein and Olsen, 1989; Vadstein, 2000; Arrigo, 2005) reflecting the 
increased allocation to growth “machinery” such as P-rich ribosomal RNA (Elser et al., 
1996; Arrigo, 2005). 
 Literature from terrestrial studies have shown that P concentrations can play an 
important role on N2O emissions by influencing microbial rates of nitrification and 
denitrification (Minami and Fukushi, 1983; Hall and Matson, 1999).  In addition, 
Vieillard and Fulweiler (2014) found evidence of P limitation on the flux of N2O from an 
experimental study conducted in a temperate tidal flat.  In Waquoit Bay we found that 
initial DIP concentrations and DIP uptake were among the most influential factors on 
sediment N2O uptake.  Initial DIP concentrations had a stronger impact than DIN 
concentrations on N2O uptake rates, and we observed the highest N2O uptake rates when 
the initial N:P ratio was below 16:1 (Figure 1.6).  Taken together, these results indicate 
that P may play an important role in the regulation of N2O fluxes in these and perhaps 
other estuarine sediments. 
An Ecosystem Service: Sediment Net N2O Uptake 
 Low oxidized N concentrations (i.e., NO3- and NO2-) are a key environmental 





2015) ecosystems exhibiting N2O consumption.  These conditions are likely to occur in 
many shallow, macrophyte-dominated ecosystems, like the one we studied here.  Despite 
high nutrient loading, Waquoit Bay bottom waters have relatively low DIN 
concentrations due to efficient nutrient uptake by macroalgae (Peckol et al., 1994).  In 
this study, the DIN pool measured in the cores was dominated by NH4+ and 
concentrations of NO3- and NO2- were consistently low or below the detection limit 
(Table 1.1) as were the sediment fluxes of both species.  Under these conditions, the 
source of NO3- for denitrifiers comes primarily from nitrification, in coupled nitrification-
denitrification (Jenkins and Kemp, 1984).  In Waquoit Bay the bottom waters are 
frequently undersaturated with respect to O2 (D’Avanzo and Kremer, 1994) and it is 
likely that nitrification rates at the sediment-water interface are low, thus there is little 
available NO3- for denitrification.  Additionally, surface waters in Waquoit Bay were 
consistently at saturation or super-saturated with respect to N2O, likely as a result of the 
septic contaminated groundwater inflow (LaMontagne et al., 2003) and water-column 
nitrification (Barnes and Owens, 1999).  Under conditions where N2O is at or above 
saturation, and concentrations of NO3-and O2 are low, microorganisms with the N2O 
reductase enzyme (which transforms N2O to N2) can use exogenous N2O as the sole 
electron acceptor for respiration (Zumft and Kroneck, 2007), and the balance of the N2O 
flux may tip toward net uptake vs. production (Figure 1.1). 
  We propose that Waquoit Bay, is similar to many other temperate estuaries where 
relatively long water residence times, low O2 conditions, and high macroalgae production 





sediments can consume N2O and provide an important and perhaps underappreciated 
ecosystem service.  Of course, here we have measured the uptake of N2O by the 
sediments, not the water-atmosphere flux.  A key next step is to determine if this 
sediment uptake rate is large enough to make the system a net sink of N2O from the 
atmosphere.  We propose that under certain conditions sediment N2O uptake could 
substantially lower water-column concentrations so that the percent saturation of N2O 
dips below equilibrium with the atmosphere.  Under this circumstance there would be a 
net flux from the atmosphere into the estuary.  For example, in Waquoit Bay, summer 
conditions include warm water, high primary productivity, low NO3-concentrations, and 
large diel swings in dissolved O2 with the potential for persistent (on the order of days) 
low oxygen concentrations.  In addition, winds in Waquoit Bay are predominantly 
onshore (south-westerly) during the summer, which reduces estuarine circulation and 
increases residence time (Geyer, 1997).  These summertime conditions would stimulate 
microbial processes consuming N2O and promote N2O undersaturation.  
Conclusions and Implications 
 Coastal ecosystems represent an important component of the global N2O budget, 
however the estimates from these regions are not well-constrained.  This is due, in part, to 
a limited understanding of the environmental factors influencing N2O consumption.  In 
this study we found that sediments from a shallow, temperate estuary acted as a net N2O 
sink, despite heavy N loads from the surrounding watershed.  Such sediment 
consumption of N2O likely decreases the net ecosystem efflux to the atmosphere and 





temperature and sediment DIP and O2 uptake were all positively correlated to N2O uptake 
from the estuarine sediments.  Of all the geochemical conditions and processes measured 
we found that both the initial concentration and sediment uptake rate of DIP most 
significantly influence sediment N2O uptake.  This has several potential implications for 
estuarine biogeochemical cycles of C, P, and N.  While N inputs can accelerate C fixation 
by primary producers, nutrients like P could influence rates of C turnover by 
heterotrophs.  In addition, DIP consumption by benthic heterotrophic processes could 
have a secondary effect on pelagic primary producers that rely on the regeneration of 
nutrients from sediments for growth.  Furthermore, if N2O uptake is driven primarily by 
denitrifiers we hypothesize that DIP may limit overall denitrification, which would 
decrease the natural filtering process that transforms reactive N (e.g., NO3- ) into its 
largely unreactive form (e.g., N2).  Of course, future field observations and experimental 
work will need to test this hypothesis, but if true, it would challenge our understanding of 
what controls N removal in estuarine sediments.  Going forward, efforts to improve our 
understanding of the environmental factors driving N2O fluxes in coastal ecosystems is of 
critical importance as it will promote better management decisions, generate more 
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Abstract 
 Estuarine ecosystems are considered among the most valuable regions worldwide 
because of the wealth of ecosystem services they provide.  Given their proximity to the 
land, they are also vulnerable to excessive nutrient inputs, which can lead to 
eutrophication and hypoxia.  Water-column hypoxia can dramatically alter sediment 
biogeochemistry, yet the response of specific processes varies widely.  Predicting 
whether sediments are sources or sinks of ecologically and climatologically relevant 
nutrients and gases remains elusive, particularly for shallow coastal regions.  In this 
study, we conducted experiments with sediments collected from Waquoit Bay 
(Massachusetts, United States) and measured dissolved nutrient and gas fluxes across the 
sediment-water interface to investigate the impact of water-column hypoxia (defined here 
as dissolved oxygen ≤3 mg/L) on three important ecosystem functions: nutrient 
regeneration, removal of reactive nitrogen, and the regulation of greenhouse gases.  
Under hypoxia we observed variable responses in sediment biogeochemical cycling, 
including little to no change in important nitrogen cycling processes such as ammonium 
efflux and nitrogen removal through denitrification.  As expected, low oxygen conditions 





phosphorus and silica to phosphorus in the overlying water to decrease by 50%.  Such 
changes can alter both the composition of water-column primary producers as well as the 
rate of primary production.  Hypoxia led to an almost 60% decrease in sediment nitrous 
oxide consumption but had little impact on sediment methane emissions.  Taken together, 
these experimental results suggest sediment biogeochemical cycling has variable and 
dynamic responses to hypoxia. 
 
Introduction 
 Over the past several decades water-column hypoxia has increasingly been 
recognized as a major issue impacting coastal and open ocean environments (Breitburg et 
al., 2018; Diaz et al., 2011; Zhang et al., 2010).  Although hypoxia can develop naturally, 
in many coastal ecosystems excessive nutrient input promotes eutrophication (Breitburg 
et al., 2018; Diaz & Rosenberg, 2011; Nixon, 1995; Zhang et al., 2010), which can lead 
to an increase in the frequency, intensity, and duration of hypoxia (e.g., Diaz & 
Rosenberg, 2008; Kemp et al., 2005; Rabalais et al., 2014).  Globally, there are more than 
500 coastal sites that experience hypoxia (Breitburg et al., 2018; Diaz & Rosenberg, 
2008) and in the United States approximately half of the estuaries and coastal water 
bodies report recurring hypoxia driven by nutrient enrichment (Bricker et al., 2007, 2008; 
CENR, 2010). 
 Waters deficient in dissolved oxygen are known to disrupt vital behavioral, 
reproductive, and physiological processes of macroorganisms (e.g., fish, shell fish, and 





Levin et al., 2009; Vaquer-Sunyer & Duarte, 2008).  Less visible, but no less important, 
are the effects of low oxygen on sediment biogeochemical processes.  Water-column 
hypoxia can directly alter nutrient remineralization and greenhouse gas emissions by 
decreasing the thickness of the oxic zone in sediments (Cai & Sayles, 1996), altering 
microbial communities (Jessen et al., 2017) and shifting diagenesis toward more 
anaerobic pathways (Middelburg & Levin, 2009).  Hypoxia can also indirectly impact 
sediment biogeochemical cycling by altering the activity, composition, and abundance of 
benthic macroorganisms living on or within the sediments (Levin et al., 2009; Meysman 
et al., 2006; Middelburg & Levin, 2009). 
 While several recent studies have sought to synthesize our understanding of the 
effects of coastal hypoxia on sediment biogeochemistry (e.g., Howarth et al., 2011; 
Middelburg & Levin, 2009; Rabalais et al., 2014), the specific impacts are not consistent, 
particularly for nitrogen (N) cycling processes.  For example, many studies have linked 
decreased rates of reactive nitrogen (N) removal through denitrification to low oxygen 
concentrations (e.g., Childs et al., 2002; Kemp et al., 1990; Tuominen et al., 1998), while 
others have found no effect of low oxygen on denitrification (Hietanen & Lukkari, 2007), 
and still others have found the highest rates of denitrification in the most hypoxic waters 
measured in their studies (McCarthy et al., 2015). 
 The goal of this study was to quantify sediment metabolism under water-column 
hypoxia in a shallow, temperate estuarine system (Waquoit Bay, East Falmouth, 
Massachusetts, United States).  Here we provide a comprehensive data set of dissolved 





di-nitrogen gas (N2), nitrous oxide (N2O), and methane (CH4)) fluxes across the 
sediment-water interface measured from static core incubations under hypoxic conditions 
(defined here as oxygen concentrations ≤3 mg/L, 94 µmol/L, and 2.1 mL/L).  By 
measuring this suite of ecologically and climatologically relevant dissolved nutrient and 
gas fluxes, we were able to evaluate the impact of short-term water-column hypoxia on 
three important ecosystem functions at the sediment-water interface: nutrient 
regeneration, reactive N removal, and regulation of greenhouse gases.  Given results from 
these experiments as well as findings from the published literature, we offer plausible 
microbial and geochemical alterations at the sediment-water interface and describe 
conceptual models to help explain the observed trends.  We then consider the 
implications of these biogeochemical changes (and resistance to change) at the ecosystem 
scale.  And finally, we make predictions for how increasing the intensity, duration, and 
frequency of hypoxia may impact sediment biogeochemical processes in the future. 
 
Materials and Methods 
Station Descriptions and Field Sampling 
 On seven occasions over the course of 3 years (2011–2013; Table A.1) we 
collected sediments and bottom water for hypoxic experimental incubations from 
Waquoit Bay, Massachusetts, United States (Figure 2.1).  Waquoit Bay is representative 
of temperate, shallow (<5 m), tidal embayments that outline much of the Atlantic United 
States coastline (Aubrey et al., 1993; Geist, 1996).  It is currently one of the worldwide 





(Diaz et al., 2011; Selman et al., 2008).  In Waquoit Bay, hypoxic conditions typically 
occur in the summer on a diel cycle; however, under certain conditions hypoxia can 






Figure 2.1 Sampling stations in Waquoit Bay, East Falmouth, Massachusetts, USA. 
Sediment cores and water samples were collected across four stations: CRE = Childs River Estuary, MP = 





 The Waquoit Bay estuarine system has a water body surface area of 
approximately 6.3 km2 (D'Avanzo et al., 1996).  The estuary includes several distinct 
regions including tidal rivers, open basins, and semi-enclosed lagoons.  We chose four 
sampling stations to capture this range of environments (Figure 2.1).  Childs River 
Estuary (CRE, 41°34.805′N, 70°31.826′W, 1.2m deep) is located in a tidal river and is 
the furthest from the mouth of Waquoit Bay in the Childs River, which is one of the two 
streams that flow into Waquoit Bay.  Childs River is approximately 2 km long and 100 m 
wide (at the most seaward portion) with an average stream flow of 0.1 m/s (Baevsky, 
1991).  The water-column at this station is often stratified (Geyer, 1997), with fresh river 
water overlaying saline water.  Water residence times at this station may vary between 
0.8 and 2.6 days (average 2 days), depending on freshwater flow, tides, and winds 
(Geyer, 1997). Metoxit Point (MP, 41°34.134′N, 70°31.272′W, 2.2m deep) is located in 
the central basin of the estuary and represents typical water mass conditions and 
residence times (approximately 2–3 days) for the more open basin regions of Waquoit 
Bay (Geist, 1996).  It is typically well mixed by tides and winds. South Basin (SB, 
41°33.404′N, 70°31.442′W, 1.8 m deep) is also located in the main basin of the estuary 
but further south, close to the mouth of the estuary where water is exchanged with 
Vineyard Sound.  Water residence times at this station are likely to be similar to Metoxit 
Point (~2–3 days, Geist, 1996), but on the lower end of the range given its location to the 
estuary mouth.  The final sampling station is Sage Lot Pond (SLP, 41°33.270′N, 
70°30.584′W, 1.2m deep).  Sage Lot Pond is a small semi-enclosed lagoon connected to 





here are similar to other regions in bay (approximately 2 days, D'Avanzo et al., 1996; 
Geist, 1996). Salt marsh and a barrier beach surround this small lagoon.  Despite 
geographic and hydrologic differences, bottom water salinities and temperatures did not 
vary substantially between the four stations and were nearly the same on each sampling 
date (e.g., maximum difference was 3 ppt and 3 °C for salinity and temperature, 
respectively; Table A.1). 
 Sediment composition is relatively homogenous across the bay and is 
characterized as mostly sandy (86%–97%) with a mix of silt and clay (2%–14%; 
Carmichael et al., 2004; Carmichael & Valiela, 2005; Table A.2).  Sediment porosity 
ranged from 0.62 ± 0.02 (at SB) to 0.87 ± 0.02 (at MP; Table A.2; Foster & Fulweiler, 
2019a).  In general, Waquoit Bay sediments can be described as organic rich comprised 
of 1.2%–6.2% carbon (C), 0.14%–0.82% nitrogen (N), and C:N ratios between 9 and 13 
(this study; Foster & Fulweiler, 2014; Foster & Fulweiler, 2019a; Table A.2).  These 
organic rich sediments are highly reducing (e.g., redox potentials (Eh) range from 
approximately -215 to -140 (mV) in the upper 1 cm for Childs River Estuary and Sage 
Lot Pond sediments, respectively; Carmichael et al., 2004) and are likely to only be oxic 
in the upper 2–3 mm (York et al., 2010).  Waquoit Bay sediments also support 
microphytobenthic (Lever & Valiela, 2005) as well as benthic in faunal communities 
(Fox et al., 2009; Table A.2).  
 We collected samples during summer and early fall (July–October), the time 
period when seasonal hypoxia often occurs in Waquoit Bay.  Triplicate or quadruplicate 





cm height) from the side of a boat using a pole corer equipped with a one-way valve, 
which keeps the vertical integrity of the cores intact and causes minimal disturbance of 
the sediment-water interface (Foster & Fulweiler, 2014; Fulweiler et al., 2010).  
Immediately after collection, cores were loosely capped and stabilized, upright, in the 
dark inside coolers filled with site water to maintain them at site temperature.  We also 
collected in situ bottom water from each site using a high-volume diaphragm pump and 
filtered on board using a series of in-line cartridge filters (nominally 50, 10, 1, and 0.2 
µm; Fields et al., 2014; Giblin et al., 1997; Heiss et al., 2012).  We used filtered station 
water in our incubations in an effort to remove water-column biota and focus our 
analyses to processes occurring at the sediment-water interface (Fields et al., 2014).  We 
transported the sediment cores and filtered station bottom water back to our Boston 
University laboratories, typically within 8 hours of collection. 
Experimental Design and Sediment Core Incubations 
 When we arrived at the lab, we immediately placed the sediment cores and 
filtered site water into a walk-in environmental chamber set to the mean bottom water 
temperature measured in the field (temperatures ranged from 18 to 28 °C across our 
seven incubations).  We uncapped the sediment cores, placed them in a water bath, and 
gently bubbled ambient air into the overlying water overnight while the cores equilibrated 
to the chamber conditions.  The following morning we conducted static core incubations 
in the dark using well-established methods to determine fluxes across the sediment-water 
interface (e.g., Banta et al., 1995; Fields et al., 2014; Giblin et al., 1997).  First, we 





bottom station water (Fields et al., 2014; Fulweiler et al., 2007; Giblin et al., 1997).  In 
order to preserve the chemical and physical components of our sediment cores, we were 
careful not to disturb the sediment-water interface while siphoning or refilling the cores 
(Hopkinson & Smith, 2005).  We replaced the water overlying sediments with filtered 
site water to ensure that all the sediment cores began the incubations with the same water 
(Hopkinson & Smith, 2005).  Cores were then carefully capped (no air headspace) to 
avoid bubbles and they remained sealed for the duration of the incubation.  Water 
volumes above the sediments ranged from 0.9 to 1.7 L.  Core lids were equipped with 
magnetic stir bars (Dornblaser et al., 1989), which provided gentle (45 rpm) mixing of 
the overlying water with minimal suspension of sediments (Heiss et al., 2012; Hopkinson 
et al., 2001; Renaud et al., 2008).  For each time point we collected water samples from 
the cores through an outflow port and water was replaced simultaneously through an 
inflow port to balance the volume and minimize atmospheric exchange.  We also 
incubated filtered site water (no sediments) as controls.  In general, there was little to no 
change in analyte concentrations from control cores.  In order to simulate how hypoxic 
conditions are initiated in Waquoit Bay we used the natural aerobic respiration of the 
sediments to consume dissolved oxygen and bring each core to hypoxia. 
Parameter Concentration Analyses 
 For each oxygen (O2) measurement we collected a small (~15 mL) volume of 
water from the cores (as described above in section 2.2) in a narrow centrifuge tube and 
quickly inserted an optical Luminescent Dissolved Oxygen (LDO) sensor (Hach LDO 





samples were also collected, stored, and analyzed for several dissolved nutrients and 
gases (Table A.1).  Water samples for nutrient analyses were collected directly into acid 
washed polypropylene syringes.  We filtered (binder free glass fiber filters, 0.7 µm) into 
acid washed and deionized (DI) water (Milli-Q Integral ultrapure water, Type 1) leached 
polycarbonate vials and then immediately placed in a freezer (approximate temperature -
15 to -18 °C) until later analysis.  Dissolved inorganic nutrients (ammonium (NH4+), 
nitrate (NO3-) plus nitrite (NO2-), i.e., NOx, NO2-, silica (DSi), and phosphate (PO43-)) 
concentrations were determined with high-resolution digital colorimetry on a SEAL Auto 
Analyzer 3 with segmented flow injection using standard techniques and chemical 
analyses (Grasshoff et al., 1999; Johnson & Petty, 1983; Solorzano, 1969).  The 
instrument specific minimum detection limits for these analyses were NH4+: 0.082 µM, 
NOx: 0.035 µM, NO2-: 0.006 µM, DSi: 0.022 µM, and PO43-: 0.012 µM. 
 Over the duration of the study period (2011–2013) we collected a separate set of 
dissolved gas samples during the incubations for N2 analysis to determine net 
denitrification/nitrogen fixation rates (Eyre et al., 2002; Fulweiler & Nixon, 2009; Kana 
et al., 1998).  For two occasions in 2012 we are missing N2 data due to analytical issues 
(see Table A.1).  At each time point duplicate water samples were collected into Labco 
Limited Exetainer® glass vials (12 mL) with gas tight septa caps.  Vials were filled from 
the bottom with approximately 3 times the overflow volume to avoid atmospheric 
contamination.  We then preserved the samples with 25 µL of a saturated zinc chloride 
solution.  We directly measured N2 on a quadrupole membrane inlet mass spectrometer.  





and the dissolved gas solubility equations and constants (Weiss, 1970) applied to the 
specific temperature and salinity of the sample (Colt, 1984; Kana et al., 1998). 
 On four occasions we also collected additional duplicate water samples for the 
analysis of dissolved greenhouse gases, N2O and CH4 (Table A.1).  We used identical 
sampling, preservation, and storage procedures for the greenhouse gas samples as those 
described above for the N2 samples.  We directly measured dissolved N2O and CH4 using 
a headspace equilibration technique (Foster & Fulweiler, 2016), which was based off of 
the earlier procedure described by Kling et al. (1991).  Briefly, we analyzed the vial 
headspace (after water sample-headspace equilibration) using a gas chromatograph 
(Shimadzu GC-2014) equipped with a flame ionization detector (for CH4 determination) 
and an electron capture detector (ECD) with a 63Nickel source (for N2O determination).  
Columns contained HaySep® and Shimalite®.  N2 was used as the carrier gas and p5 
(5% CH4 and 95% Ar) was used as the makeup gas for the ECD.  Column and detector 
temperatures and gas flow rates were set to the instrument manufacturer specifications 
(Shimadzu Corporation, Kyoto, Japan).  The amount of analyte gases in the headspace 
were calculated using the ideal gas law and the aqueous amount was determined using 
Henry's Law using solubility coefficients determined by the equations and constants for 
N2O (Weiss & Price, 1980) and CH4 (Wiesenburg & Guinasso, 1979).  We then summed 
the contents of the headspace and the water to obtain a total value for the sample vial. 
Water-column and Sediment Characteristics 
 In addition to the benthic flux measurements, we measured the ambient water-





A.2; Foster & Fulweiler, 2019a).  We analyzed the water-column (surface and bottom) 
for temperature, salinity and concentrations of oxygen, dissolved inorganic nutrients (i.e., 
NH4+, NO2-, NO3-, DSi, and PO43-), and dissolved gases (N2, N2O, and CH4; chemical 
analyses methods described above).  At the end of the incubations we collected sediment 
samples from each core to determine specific sediment characteristics including density, 
porosity, %C and %N.  These samples were collected using plastic (polycarbonate) 
syringe subcores (60 mL) that we sectioned up to 4 cm in 1 cm subsamples.  We stored 
the sediments in plastic centrifuge tubes (50 mL) in a freezer until they were analyzed.  
All sampling materials were acid washed and ethanol rinsed prior to sediment collection.  
We used standard processing and analysis protocols to determine sediment porosity, 
density (Nielsen et al., 2000), and %C and %N (Zimmermann et al., 1997). Percent C and 
N samples were determined using an elemental analyzer at the Boston University Stable 
Isotopes Laboratory. 
Determination of Hypoxia and Flux Calculations 
 To determine rates for biogeochemical fluxes, we collected samples from the 
water overlaying the sediment cores at discrete time points during the incubation.  The 
sampling times were determined by monitoring the dissolved oxygen concentrations 
inside the cores (e.g., Giblin et al., 1995) using methods described above.  For the 
normoxic portion of the incubation, initial oxygen concentrations were around 7 mg/L 
(median 7.4 mg/L, range 5.1–8.6 mg/L).  We aimed to take five samples above the 
hypoxic threshold (i.e., 3 mg/L), and five samples after hypoxia was reached. Sampling 





typically around 1 day (median 22 hr, range 7.2–36 hr).  And the median final oxygen 
concentrations measured in the cores at the end of the hypoxic incubation was 0.85 mg/L 
(range 0.2–2.6 mg/L). 
 Although hypoxia is conventionally defined as waters with oxygen concentration 
at or below 2 mg/L, we used a slightly higher hypoxic threshold of 3 mg/L (94 µM, 2.1 
mL/L, approximately 42% saturation at 23 °C, 30 ppt, and 1 atm) in our experiments.  
We chose to use 3 mg/L because experimental evidence indicates that this higher 
threshold more adequately captures the impacts of hypoxia across different benthic 
organisms under probable environmental conditions (Gray et al., 2002; Steckbauer et al., 
2011; Vaquer-Sunyer & Duarte, 2008).  Additionally, hypoxia frequently co-occurs with 
other environmental stressors (e.g., increasing sulfide concentrations in surface sediments 
and increasing water temperature), which could magnify the biogeochemical impacts by 
acting synergistically with conditions of low oxygen. 
 Since we could not measure oxygen concentrations continuously, we determined 
the time of hypoxia for individual cores by fitting linear and exponential models to the 
measured oxygen concentration time point data.  We chose the model of best fit (i.e., 
linear or exponential) for each core using the highest coefficient of determination (R2) 
value to determine the incubation time of hypoxia.  For the majority (83%) of cores the 
best fit model was exponential and 92% of the cores had models with R2 values greater 
than 0.96 (the minimum R2 value was 0.87).  We calculated the hypoxic oxygen uptake 
rate using the difference in oxygen concentrations between the hypoxic time point and 





collected after the hypoxic time point for each individual core.  The number of these time 
points varied between 3 and 6, due to differences in aerobic metabolism rates across the 
cores.  We then determined the rate of change for each dissolved gas parameter using the 
slope of linear regression models (Banta et al., 1995; Giblin et al., 1997; Heiss et al., 
2012; Hopkinson et al., 1999).  Hypoxic rates of change for dissolved nutrients were 
based on initial and final samples of the entire incubation, which began under normoxic 
conditions and ended in hypoxia.  Thus, the hypoxic rate for all nutrient fluxes represent 
an integrated rate across normoxic to hypoxic conditions.  For all nutrients and gases 
measured we calculated the flux across the sediment-water interface by multiplying rates 
of change for each parameter by the volume of water above each core and then dividing 
by the core surface area.  Flux units for all parameters are reported in µmol m-2 h-1 or 
nmol m-2 h-1 plus or minus the standard error (±SE; where applicable).  Positive fluxes 
indicate a net efflux of the parameter from the sediments into the water-column or 
sediment production.  Negative fluxes therefore represent a net influx of the parameter 
into the sediments or sediment uptake (Fulweiler et al., 2008).  We compared hypoxic 
flux rates to fluxes measured under normoxic conditions. 
 Due to the extremely low ambient bottom water concentrations of both NO3- 
and NO2- (Table A.1), we were unable to calculate their sediment flux rates.  This is 
consistent with previous studies in Waquoit Bay that also found low ambient NO3- 
concentrations (<0.2 µM) and fluxes, suggesting that NO3- was tightly recycled within the 
Waquoit Bay sediments (Foster & Fulweiler, 2014; Newell et al., 2016).  Some normoxic 





Fulweiler, 2014, 2016) and were used only for comparison purposes with the hypoxic 
rates.  The normoxic rates for nutrient (i.e., NH4+, PO43-, and DSi) fluxes are based on a 
separate (normoxic) incubation conducted 1 day prior to the hypoxic incubation.  The 
same cores were used for both the normoxic and hypoxic incubations.  Note that on one 
occasion (6 August 2012), absolute N2O flux rates were 1–3 orders of magnitude greater 
than on the other dates (Foster & Fulweiler, 2019c) and were significant outliers in the 
data set (Foster & Fulweiler, 2016).  Initial N2O concentrations were approximately 10–
20 times higher on this date, but all other nutrient and gas parameters and fluxes analyzed 
from this date were consistent with their data set distributions (Table A.1).  In addition, 
there were no large storm or other disruptive events identified (e.g., by the Waquoit Bay 
Research Reserve System-wide Monitoring Program, NOAA, 2006).  In an effort to 
evaluate the effect of hypoxia on the most representative N2O data set, our results are 
focused on analyses done without the N2O flux outliers, as was done previously (Foster 
& Fulweiler, 2016).  However, being unable to determine the cause of the high initial 
N2O concentrations and flux rates, we cannot disregard these anomalous data.  Therefore, 
we provide all data (Tables A.1; Foster & Fulweiler, 2019b; Foster & Fulweiler, 2019c) 
and include results from replicated analyses using the full data set when appropriate (e.g., 
Table 2.1 and Figure 2.5 captions). 
Statistical Analyses 
 Data analysis was conducted using Microsoft Excel (14.5.8) and JMP (11.0.0, 
SAS).  When providing descriptive statistics for univariate data sets, we report the mean 





variability as the standard error (SE) from the mean or the median absolute deviation 
(MAD; Gauss, 1816; Hampel, 1974; Huber, 1981; Leys et al., 2013).  For all of our 
statistical analyses we used nonparametric tests that do not make assumptions about the 
distribution of data.  We tested the central tendencies against specific values using 
Wilcoxon Signed-Rank test. In our flux rate analyses we first ran Wilcoxon/Kruskal-
Wallis Rank-Sum tests considering station and incubation date to determine their 
contributions to variability in flux rates measured.  When significant differences were 
observed we then conducted comparisons for each pair using the Wilcoxon test.  We also 
used the Wilcoxon test to evaluate the potential influence of flux type (i.e., hypoxic 
versus normoxic) on benthic rates for the statistically distinct groups.  To determine 
relationships between parameters and flux rates, we used linear single and multivariate 
regression models.  Model strength was assessed using Kendall rank correlation (i.e., 
Kendall's tau (τ)).  We ranked models with similar sample sizes according to Akaike 
information criterion (Akaike, 1973, 1992).  In all hypothesis based statistical tests we 




 Aerobic respiration brought the cores into hypoxia typically within 17 hours (16.5 
± 6.1 h, median ± MAD), but the range was large (4.4 to 47.3 hours).  In general, the time 
to hypoxia was longer for SB compared to the other stations (p = 0.0615 (CRE), p = 





incubation date (p = 0.0032, df = 6) and temperature where colder temperatures were 
correlated to longer times to hypoxia (τ = -0.42, p < 0.0001, n = 51; Table A.3).  Among 
the water-column and sediment parameters measured, we found that in addition to 
temperature, sediment density (τ = 0.34, p = 0.0005, n = 51), and initial oxygen 
concentrations (τ = 0.24, p = 0.0119, n = 51) were all significantly related to the time to 
hypoxia (Table A.3). 
 Across all cores, hypoxic oxygen uptake was significantly lower compared to the 
normoxic (p < 0.0001; Figures 2.2a and 2.2b; Foster & Fulweiler, 2019b; Foster & 
Fulweiler, 2019c).  Initial oxygen concentrations in the cores at the start of the normoxic 
incubation ranged from 5.2 to 8.5 mg/L (Table A.1), and hypoxic rates of oxygen uptake 
are based on initial oxygen concentrations of 3 mg/L.Oxygen uptake rates under hypoxia 
ranged from 161 to 925 µmol m-2 h-1.  Overall, the mean hypoxic oxygen uptake rate (466 
± 21 µmol m-2 h-1) was only 29% of the normoxic rates (Foster & Fulweiler, 2014, 2016).  
Hypoxic oxygen uptake rates were greater at MP compared to CRE (p = 0.0338) but did 






Figure 2.2 Sediment oxygen uptake under normoxic and hypoxic conditions. 
Station mean (with standard error) normoxic (open bars) and hypoxic (shaded bars) oxygen (O2) uptake 
rates from sediment cores and (b) normoxic versus hypoxic uptake rates for individual cores (n = 51) 
compared to a 1:1 relationship.  Sediment cores were collected on seven dates in the summer and early fall 
(2011–2013) from the four Waquoit Bay sampling stations (Childs River Estuary (CRE), Metoxit Point 
(MP), South Basin (SB), and Sage Lot Pond (SLP)).  Stations not connected by the same letter are 
significantly different for normoxic (uppercase letters) and hypoxic (lowercase letters) sediment uptake 
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Table 2.1 Comparison of normoxic vs. hypoxic sediment flux rates for individual cores 
Parameters include dissolved oxygen (O2) uptake, nutrient fluxes (ammonium (NH4+), silica (DSi), phosphate (PO43-), di-nitrogen gas (N2-N) flux, and 
greenhouse gas fluxes (nitrous oxide (N2O), methane (CH4)).  The rate difference was calculated for individual cores by subtracting the hypoxic rate 
from the normoxic rate.  We tested if the dataset central tendency was different from zero using nonparametric (i.e., Wilcoxon Signed-Rank) tests of 
significance.  Bold font signifies a significant relationship (α = 0.05).  Data sets where the overall mean/median were greater than zero indicate the 
normoxic rate was higher (i.e., more positive) than the hypoxic rate and visa-versa.   
*Note that using the full N2O data set (i.e., including 6 August 2012 outliers), the median (-18) does not change and the rate difference is also less than 
zero (p = 0.0111, Rank-Sum, df = 21).  However, the mean ± SE (29 ± 64) is substantially skewed by the positive outliers. 
 
Parameter Rate Difference:                                Normoxic minus Hypoxic    Statistical Results  
  
mean (± SE) Central Tendency 
Wilcoxon Signed-
Rank (p-value) df 
Hypoxic Effect 
on Rate 
O2 Uptake (µmol m-2 h-1) 1160 (±108) >0 1.0000 50 Decreased 
NH4+ Flux (µmol m-2 h-1) 22 (± 20) not equal to |0| 0.3481 27 Unchanged 
DSi Flux (µmol m-2 h-1) 30 (± 12) >0 0.0029 27 Decreased 
PO43- Flux (µmol m-2 h-1) -9.5 (±1.8) <0 <0.0001 25 Increased 
N2-N Flux (µmol m-2 h-1) 11 (± 8.1) not equal to |0| 0.1778 35 Unchanged 
N2O Flux* (nmol m-2 h-1) -24 (± 6.8) <0 0.0006 17 Increased 








Impacts of Hypoxia on Crucial Benthic Biogeochemical Processes 
Nutrient Regeneration 
 Ammonium fluxes under both normoxic and hypoxic conditions were typically 
positive, indicating that the sediments are a net source of NH4+ to the overlying water.  
Under normoxic conditions, 23 out of the 28 total cores incubated had positive NH4+ 
fluxes, 3 cores had net zero fluxes, and 2 were negative (Foster & Fulweiler, 2019c).  The 
highest rates of production were measured at MP and SLP stations, which corresponds to 
the station trend observed for sediment oxygen uptake and sediment %C and %N content 
(Foster & Fulweiler, 2014, 2016).  Under hypoxia, these two stations had higher rates of 
NH4+ production than the SB station (p = 0.0157 and p = 0.0184, MP and SLP, 
respectively) but their rates were not significantly different from CRE (p = 0.0875 and p 
= 0.3531, MP and SLP, respectively; Figure 2.3a). 
 Under hypoxic conditions NH4+ fluxes from all 28 cores were positive and the 
range was smaller than under normoxia (15-302 and -108 to 478 µmol m-2 h-1, hypoxic 
and normoxic ranges, respectively; Foster & Fulweiler, 2019b; Foster & Fulweiler, 
2019c).  There was no clear response of station NH4+ flux rates to hypoxia except at CRE 
there was an increase in NH4+ production under hypoxia (p = 0.0453, 95 ± 20, and 24 ± 
30 µmol m-2 h-1, hypoxic and normoxic flux rates, respectively; Figure 2.3a).  Similarly, 
we did not find a difference in NH4+ flux rates under hypoxic conditions by evaluating 





 Normoxic and hypoxic DSi flux rates were net positive except for one normoxic 
core that was zero (Foster & Fulweiler, 2019b; Foster & Fulweiler, 2019c) with a median 
value of 171 µmol DSi m-2 h-1. DSi fluxes varied across some stations under normoxic (p 
= 0.0038, df = 3) but not under hypoxic conditions (p = 0.3359, df = 3).  Normoxic 
production rates were significantly higher at MP than CRE (p = 0.0039) and SLP (p = 
0.0010), but they were not significantly different from SB (p = 0.0677; Figure 2.3c).  
Similar to the NH4+ flux results, we did not find a significant response of DSi fluxes to 
hypoxia across the four stations (p = 0.1065; Figure 2.3c).  However, evaluating the data 
on an individual core basis revealed the potential for a slight decrease in DSi sediment 
production rates under hypoxia.  Of the 28 total cores measured, 20 (71%) had higher 
normoxic flux rates compared to hypoxic rates (Figure 2.3d) and the difference in flux 
rates (i.e., normoxic minus hypoxic) was significantly greater than zero (p = 0.0029, df = 
27; Table 2.1) indicating potentially diminished DSi fluxes under hypoxia. 
 Unlike both NH4+ and DSi fluxes, a strong hypoxic response across all stations 
was observed for PO43- fluxes (p = 0.0002). Under hypoxia PO43- fluxes switched from 
being typically negative or net zero (-3.5 µmol PO43- m-2 h-1, median not different from 
zero; Foster & Fulweiler, 2016) to positive (5.15 µmol PO43- m-2 h-1, median greater than 
zero (p < 0.0001, df = 27; Figure2.3e).  Phosphate flux rates did not differ between 
stations for either normoxic (Foster & Fulweiler, 2016) or hypoxic PO43- flux rates 
(Figure 2.3e).  On a core-by-core basis, 24 out of 26 total cores with detectable fluxes 
(92%) had higher (i.e., more positive) fluxes under hypoxia compared to normoxia (for 





Fulweiler, 2019b; Foster & Fulweiler, 2019c).  The difference between normoxic and 
hypoxic PO43- flux rates for individual cores was significantly less than zero (p < 0.0001, 







Figure 2.3 Effects of hypoxia on benthic dissolved nutrient regeneration. 
Station averaged normoxic (open bars) and hypoxic (shaded bars) for (a) ammonium (NH4+), (c) silica 
(DSi), and (e) phosphate (PO43-) flux rates from sediment cores.  Plots on the right (b, d, and f) show 
normoxic versus hypoxic nutrient flux rates for individual cores (n = 28) compared to a one to one 
relationship.  Sediment cores for nutrient analyses were collected on four dates in the summer and early fall 
(2012–2013) from the four Waquoit Bay sampling stations (Childs River Estuary (CRE), Metoxit 
Point (MP), South Basin (SB), and Sage Lot Pond (SLP)).  Plots on left (a, c, and e) bars represent station 
means and lines represent the standard error.  Stations not connected by the same letter are significantly 
different for normoxic (uppercase letters) and hypoxic (lowercase letters) sediment flux rates 
(Wilcoxon/Kruskal-Wallis, df = 3 and paired Wilcoxon).  The p-values <0.05 indicate a difference between 






















































































































































































Net Sediment Denitrification/N Fixation 
 Similar to normoxic rates (Foster & Fulweiler, 2014), hypoxic N2-N fluxes were 
highly variable across and within stations, with mostly net positive (p = 0.0217 and p = 
0.0059, mean flux rates greater than zero, for normoxic and hypoxic, respectively, df = 
37), and also several negative and zero rates (Figure 2.4; Foster & Fulweiler, 2019b; 
Foster & Fulweiler, 2019c).  There was no significant difference in normoxic flux rates 
across stations (p = 0.5641, df = 3) or dates (p = 0.5282, df = 4; Foster & Fulweiler, 
2014).  Hypoxic fluxes however were highly variable among stations.  For example, CRE 
had higher N2-N hypoxic fluxes than any of the other stations (p = 0.0459 (MP), p = 
0.0428 (SB), p = 0.0009 (SLP)) and SB was greater than SLP (p = 0.0378; Figure 2.4a).  
MP and SLP fluxes were not significantly different from zero (p = 0.1953 and p = 
0.6250, MP (df = 12) and SLP (df = 9), respectively).  The impact of hypoxia on N2-N 
fluxes was not evident for data grouped by station (p = 0.1356, df = 3).  On a core-by-
core basis the mean of the differences (i.e., normoxic minus hypoxic) was not 







Figure 2.4 Effect of hypoxia on sediment removal of reactive nitrogen. 
(a) Station averaged normoxic (open bars) and hypoxic (shaded bars) di-nitrogen (N2-N) flux rates from 
sediment cores and (b) normoxic versus hypoxic flux rates from individual cores compared to a one to one 
relationship.  Sediment cores (n = 41) were collected on five dates in the summer and early fall (2011–
2013) from the four Waquoit Bay sampling stations (Childs River Estuary (CRE), Metoxit Point (MP), 
South Basin (SB), and Sage Lot Pond (SLP)). Plot on left (a) solid bars represent station means and lines 
represent the standard error.  Stations not connected by the same letter are significantly different for 
normoxic (uppercase letters) and hypoxic (lowercase letters) sediment flux rates (Wilcoxon/Kruskal-
Wallis, df = 3 and paired Wilcoxon).  The p-values < 0.05 indicate a significant difference between 
normoxic and hypoxic flux rates (Wilcoxon/Kruskal-Wallis). 
 
Greenhouse Gas Fluxes 
 Sediment N2O fluxes were significantly impacted by hypoxic conditions. 
Typically, sediments in Waquoit Bay are a sink of N2O (i.e., net fluxes are negative; 
Foster & Fulweiler, 2016; Foster & Fulweiler, 2019b; Foster & Fulweiler, 2019c).  
Hypoxia decreased sediment uptake rates by 57% (p = 0.0128, df = 1).  Fluxes did not 
differ between stations under normoxic (p = 0.6914, df = 3; Foster & Fulweiler, 2016) or 
hypoxic (p = 0.3507, df = 3) conditions (Figure 2.5a).  Most (i.e., 89%) of the cores with 
detectable fluxes had higher net fluxes (i.e., lower uptake rates; Figure 2.5b) under 
hypoxia, and the difference between normoxic and hypoxic fluxes was significantly less 






































































 In general, CH4 fluxes across all stations were positive under both normoxic and 
hypoxic conditions (Foster & Fulweiler, 2019b, Foster & Fulweiler, 2019c).  Except 
under hypoxia one core had a negative CH4 flux, and two cores had net zero fluxes.  One 
station, MP, consistently stood out as having elevated sediment CH4 production rates 4–
31 times higher than the other stations under both normoxic (p = 0.0017, df = 3) and 
hypoxic (p = 0.0142, df = 3) conditions.  Fluxes between the other three stations did not 
differ (p = 0.0658 and p = 0.1930, under normoxic and hypoxic conditions, respectively, 
df = 3; Figure 2.5c).  There was no clear hypoxic response of grouped station fluxes (p = 
0.0576 MP and p = 0.2703 CRE, SB, and SLP).  However, 73% of the cores with 
detectable fluxes had higher CH4 production under normoxic conditions (Figure 2.5d) 
and the difference between normoxic and hypoxic fluxes was significantly greater than 
zero (p = 0.0039, df = 25; Table 2.1), indicating that CH4 fluxes may be slightly 







Figure 2.5 Effect of hypoxia on benthic regulation of greenhouse gas fluxes. 
Station averaged normoxic (open bars) and hypoxic (shaded bars) for (a) nitrous oxide (N2O) and (c) 
methane (CH4) fluxes from sediment cores.  Plots on the right (b, d) show normoxic versus hypoxic flux 
rates from individual cores (n = 24 and 28 total for N2O and CH4, respectively) compared to a one to one 
relationship.  Sediment cores were collected on four dates in the summer and early fall (2012–2013) from 
the four Waquoit Bay sampling stations (Childs River Estuary (CRE), Metoxit Point (MP), South Basin 
(SB), and Sage Lot Pond (SLP)).  For plots on left (a, c) solid bars represent station means and lines 
represent the standard error.  Stations not connected by the same letter are significantly different for 
normoxic (uppercase letters) and hypoxic (lowercase letters) sediment flux rates (Wilcoxon/Kruskal-
Wallis, df = 3 and paired Wilcoxon).  The p-values < 0.05 indicate a difference between normoxic and 
hypoxic flux rates for stations with statistically similar fluxes (Wilcoxon/Kruskal-Wallis, df = 1).  Note that 
using the full N2O data set (i.e., including 6 August 2012 outliers), there remains no significant difference 
between stations for normoxic (p = 0.5327) or hypoxic fluxes (p = 0.0953, Wilcoxon/Kruskal Wallis, df = 
3).  However, due to outlier fluxes being both positive and negative, the difference between normoxic and 

















































CRE, SB, SLP:  p= 0.2629









































































Influence of Sediment Characteristics 
 Basic sediment parameters varied between stations (Figure A.1) with Metoxit 
Point and Sage Lot Pond having the highest %C and %N (p < 0.04 and p < 0.03, for %C 
and %N, respectively).  Organic rich sediments were predictably the most porous (τ = 
0.5180, p = 0.0002, n = 27 and τ = 0.4406, p = 0.0018, n = 26 for %C and %N, 
respectively) and least dense (τ = -0.5224, p < 0.0001, n = 29 and τ = -0.5235, p = 
0.0001, n = 28 for %C and %N, respectively; Table A.4).  Organic rich sediments also 
had the highest sediment oxygen uptake rates (τ = 0.2956, p = 0.0244, n = 29 and τ = 
0.3479, p = 0.0096, n = 28 for %C and %N, respectively) and ammonium fluxes (τ = 
0.3198, p = 0.0430, n = 21 and τ = 0.4269, p = 0.0071, n = 21 for %C and %N, 
respectively; Table A.5).  Sediment characteristics did not consistently correlate to the 
hypoxic response of benthic flux rates (as measured by the absolute difference between 
normoxic and hypoxic fluxes) except for sediment oxygen uptake rates where the rates 
were more strongly diminished under hypoxia for the more organic rich (τ = -0.5224, p < 
0.0001, n = 29 and τ = -0.5235, p = 0.0001, n = 28 for %C and %N, respectively) and 
least dense (τ = -0.2827, p = 0.0036, n = 51) sediments (Table A.6). 
 
Discussion 
Alteration of Sediment Biogeochemistry Under Hypoxia 
 In our experiments we found that below a hypoxic threshold of 3 mg/L (94 µM) 
there were measurable	changes to certain sediment nutrient and dissolved gas fluxes 





flux measurements integrate all of the processes	underlying a given flux from one pool 
(e.g., the sediments) to another (e.g., the water-column).  And	although specific 
mechanistic drivers may not be clearly identified, results from net flux measurements	can 
provide a useful platform to base subsequent analyses.  In the following section, we 
describe the major	processes behind the net fluxes measured in this study (Figure 2.7a, 
2.7c, 2.7e, and 2.7g) and we offer plausible	microbial and geochemical alterations at the 
sediment-water interface that help to explain the overall trends	observed in our net flux 
rates.  Based on the findings from this study and the published literature (Table A.7),	we 
then developed conceptual models for explaining and predicting the response of the net 
fluxes over a continuum of increasing hypoxia (Figure 2.7b, 2.7d, 2.7f, and 2.7h) in 
coastal marine systems with conditions similar to Waquoit Bay (e.g., low bottom water 
NO3-/NO2- and organic rich sediments).  These explanations will aid in directing future 







Figure 2.6 Effect of hypoxia on three ecosystem functions – summary from sediment core experiments. 
(a) Nutrient regeneration (ammonium (NH4+), silica (DSi), and phosphate (PO43-) fluxes), (b) reactive nitrogen removal (di-nitrogen (N2) flux), and (c) 
greenhouse gas regulation (nitrous oxide (N2O) and methane (CH4)) were evaluated from Waquoit Bay cores collected in the summer and early fall over 
3 years (2011–2013).  Arrows represent net flux rates at the sediment-water interface under normoxic (blue) and hypoxic (red) conditions in the 
overlaying water. Arrow direction indicates either sediment efflux (i.e., positive (+)) or uptake (i.e., negative (-)).  Arrow height shows the relative effect 
of hypoxia on a given parameter but does not signify relative flux magnitudes across parameters.  Fluxes where a significant (α = 0.05) hypoxic effect 
was measured are circled with a solid line.  Dashed line circles indicate where the hypoxic effect was significant for cores evaluated on an individual 
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Changes to the Nitrogen Cycle 
 Sediment nitrogen cycling processes have varying responses to hypoxia.  For 
example, several studies have reported higher sediment production of NH4+ under 
conditions of low oxygen (e.g., Caffrey & Kemp, 1990; Kemp et al., 1990; McCarthy et 
al., 2015).  These enhanced effluxes are typically attributed to decreased NH4+ uptake by 
nitrification and/or increased NH4+ production from dissimilatory nitrate reduction to 
ammonium (DNRA).  Under hypoxia sediment denitrification can be diminished (e.g., 
Childs et al., 2002; Kemp et al., 2005; Tuominen et al., 1998), enhanced (McCarthy et al., 
2015), or exhibit no change.  While these first appear as inconsistent responses to 
hypoxia, the reported differences in response are likely due to site environmental 
conditions such as nitrate availability, sediment organic matter, and the history of 
hypoxia exposure. 
 As expected, in this study we observed varying nitrogen cycling responses by 
sediments exposed to hypoxia.  Hypoxia did not change N2-N fluxes.  Nor did sediment 
NH4+ fluxes change for three out of the four stations (CRE did exhibit higher NH4+ 
efflux).  Hypoxia did however significantly alter the flux of N2O, decreasing sediment 
uptake rates (Figures 2.5a and 2.5b and Table 2.1). 
 Nitrification occurs in the upper few millimeters of coastal sediment (e.g., Hansen 
et al., 1981; Henriksen et al., 1981; York et al., 2010) and provides the substrate (NO3-) 
needed for denitrification.  In fact, coupled nitrification-denitrification is often the 
dominant denitrification pathway in estuarine sediments (Jenkins & Kemp, 1984; 




occur at extremely low (in some cases nanomolar) oxygen concentrations (Bristow et al., 
2016; Goreau et al., 1980; Kester et al., 1997; Zakem & Follows, 2017).  Nitrification 
potential has also been measured within anoxic sediments (Hansen et al., 1981).  Nitrifier 
affinity for oxygen at low concentrations increases and rates can be fastest at 
subsaturating concentrations (Goreau et al., 1980; Kester et al., 1997).  Additionally, 
exposure to hypoxia and anoxia has been shown to cause adaptations in nitrifying 
communities so that bacteria repeatedly experiencing such conditions have a higher 
affinity for oxygen than bacteria from permanently oxic environments (Bodelier et al., 
1996).  Since nitrification provides both denitrification and DNRA with a source of NO3-
/NO2-, we would not expect a change to NH4+ or N2 net fluxes (as we observed in this 
study) if nitrification rates are unaffected by a low level of hypoxia (Figure 2.7b). 
 However, as hypoxia intensity increases (moving from mild to moderate), we 
expect nitrifiers to produce more gaseous by-products such as N2O (Goreau et al., 1980; 
Kester et al., 1997; Kozlowski et al., 2016; Naqvi et al., 2000; Stein & Klotz, 2011; 
Figure 2.7b).  This could result in the decrease in N2O uptake we observed in these 
experiments (Figures 2.5a and 2.5b and Table 2.1).  Additionally, as oxygen becomes 
scarcer and sulfide concentrations increase, DNRA could increase relative to 
denitrification (An & Gardner, 2002; Gardner & McCarthy, 2009).  This shift would 
eventually decrease overall reactive N removal (i.e., decrease N2 efflux) and increase 
reactive N recycling and storage within the sediments (as NH4+).  Although this step 
represents an increase the production of NH4+, there may be no immediate discernable 




fact, the NH4+ produced by DNRA could fuel more nitrification (Carini et al., 2010; 
Gardner et al., 2006) and therefore more N2O production. In addition, NH4+ may be more 
easily adsorbed onto sediments under reducing conditions (Morse & Morin, 2005), which 
would reduce the flux observed across the sediment-water interface despite increased 
production by DNRA. 
 Finally, under severe hypoxia, as oxygen concentrations near zero and sulfides 
concentrations increase within the sediments, we expect another shift where nitrification 
is inhibited and NO3- reduction would be dominated by DNRA (versus denitrification). 
NH4+ would then accumulate in the sediments under these highly reducing conditions 
(Morse & Morin, 2005), and eventually, we would anticipate an increase in the efflux of 
NH4+ to the water-column (Figure 2.7b).  Under these severe hypoxic conditions, we also 
expect a decrease in the net N2 flux, as denitrification would be diminished by both 
increased competition with DNRA and/or without a NO2-/NO3- source from nitrifiers.  
And finally, the N2O flux may be net zero, as the processes regulating its production and 
consumption (i.e., nitrification and coupled nitrification-denitrification) are decreased.  
We categorize the experimental hypoxic conditions in this study as being mild because 
the hypoxic incubation measurements began at 3 mg/L (94 µM), typically lasted less than 
24 hr (22 hr, median), and ended around 1 mg/L (0.9 mg/L (28.1 µM), median).  The N 
cycling results also fit this stage, where nitrification is still occurring at some capacity, 
with the potential for NH4+ storage to be increasing within the sediments.  This could 
explain why we observed no change in the net NH4+ or N2 flux across the sediment-water 





Figure 2.7 Regulatory processes and conceptual models for key biogeochemical fluxes at the 
sediment-water interface under varying oxygen conditions. 
Panels on left (a, c, e, and g) show dominant processes known to regulate (a) key nitrogen cycling 
chemicals (ammonium (NH4+), nitrous oxide (N2O), and di-nitrogen gas (N2)), (c) phosphate (PO43-), (e) 
methane (CH4), and (g) dissolved silica (DSi). Panels on right (b, d, f, h) depict potential changes in flux 
rates across a continuum of increasing hypoxia for each chemical.  Flux rate magnitudes are relative only to 
individual parameters (i.e., not comparable across parameters).  Panel figures are based on findings from 




Geochemical Alteration of Surface Sediments: Loss of Metal Oxide Cap and the 
Release of Phosphate 
 
 Under oxic conditions, precipitation of metal oxyhydroxides (e.g., manganese 
(Mn) and iron (Fe)) produces a zone at the surface of the sediments with high surface 
area/exchange capacity for adsorbing dissolved ions and nutrients (Griffioen, 1994). For 
example, at the sediment-water interface this metal oxide zone can effectively trap 
dissolved PO43- released during organic matter remineralization as it diffuses vertically 
out of the sediments.  Metal oxide bound PO43- may then be mobilized and recycled 
several times across the oxicanoxic boundary before escaping into the overlying water 
(Sundby et al., 1992; Figures 2.7c and 2.7d). 
 In our experiments, PO43- fluxes increased significantly under hypoxic conditions 
(Figures 2.3e and 2.3f and Table 2.1), which is consistent with the findings from many 
other marine (e.g., Baltic Sea, Conley et al., 2007; Chesapeake Bay, Cowan & Boynton, 
1996; and Aarhus Bay, Jensen et al., 1995), and freshwater ecosystems (e.g., Hupfer& 
Lewandowski, 2008; Mortimer, 1942).  The increased flux of PO43- is largely attributed 
to it being released from the metal oxides on the sediment surface (Figures 2.7c and 
2.7d), as conditions become more reducing.  The kinetics of oxidation-reduction reactions 
associated with metals like iron in aquatic sediments is relatively fast (Davison & Seed, 
1983; Millero et al., 1987); thus, the mobilization of PO43- can occur very quickly as 
oxygen concentrations drop.  Under increasing hypoxia, electron acceptors like oxygen 
and NO3- are depleted within the sediments, and microbial Fe (III) and Mn (IV) reduction 




1998).  The phosphate flux may also be indirectly increased by microbial sulfate 
reduction, where the resulting sulfide reacts with Fe (III) oxides to form Fe-sulfide 
minerals (Jensen et al., 1995).  Previous research in Waquoit Bay has shown that Fe 
oxides are present in the sediments and have a substantial impact on the geochemistry at 
the groundwater-estuary interface (Charette, 2002; Testa et al., 2002).  It is therefore 
likely that metal oxides are present in Waquoit Bay surface sediments and that the onset 
of hypoxia promotes sediment efflux of PO43- as these metal oxides are reduced by 
microbial respiration of oxidized iron and sulfides produced from sulfate reduction.  In 
summary, the release of PO43- from surface sediments exposed to hypoxia will decrease 
concentrations within the sediments while increasing concentrations in the water-column, 
impacting biological processes that require PO43- for metabolism and growth (e.g., 
Pitkänen et al., 2001; Rozan et al., 2002; Wallmann, 2003). 
Potential Impact of a Changing Sediment Microbial Community on Methane 
Fluxes 
 In our experiments we found that on an individual core basis, sediment CH4 
effluxes appeared to be slightly	diminished under hypoxia (Figure 2.5d and Table 2.1).  
These results were unexpected, as we had anticipated that	CH4 fluxes would increase 
since hypoxia would promote anaerobic methanogenesis and decrease abiotic CH4	
oxidation as other electron acceptors were consumed.  We also anticipated that 
methanogenesis would move	toward the surface of the sediments, which in theory would 
increase the CH4 flux to the overlying water	(Damgaard et al., 1998).  However, 




for CH4 oxidation in organic rich marine sediments (Canfield et al., 2005) and some 
ammonium	oxidizing nitrifiers are also capable of oxidizing CH4 (Hyman & Wood, 1983; 
Jones & Morita, 1983;	Figure 2.7e).  As these sediments were exposed to hypoxia we 
propose that anaerobic oxidation of methane	increased, thereby dampening the flux of 
CH4.  We anticipate that prolonged hypoxia and/or anoxic	conditions would limit both 
sulfate reduction and nitrification (as sulfate and oxygen are used up in the sediments),	
allowing for more CH4 produced in the sediments to be released into the overlying water 
(Figure 2.7f). 
Evidence of Hypoxia Decreasing Organic Matter Remineralization? 
 In most shallow coastal marine ecosystems, high organic matter loading, high 
oxygen consumption rates, and slow molecular diffusion, keep the oxic zone limited to 
only the upper millimeters of the sediment.  Thus, anaerobic processes account for the 
majority of organic matter remineralization within these sediments (Canfield, 1993; 
Canfield et al., 1993; Jorgensen, 1983; Soetaert et al., 1996).  While anaerobic processes 
may dominate, decomposition is more effective with oxygen (Hansen & Blackburn, 
1991; Kristensen & Holmer, 2001) and the microbial growth yield is approximately 4 
times greater under aerobic conditions (Canfield et al., 2005).  Therefore, altering bottom 
water oxygen availability can diminish total benthic metabolism, which then increases the 
preservation of organic matter (e.g., Jessen et al., 2017), slows remineralization, and 
decreases nutrient availability. 
 In our hypoxic experiments, we measured a slight decrease in sediment DSi 




some studies have observed the opposite trend (e.g., Lehtimäki et al., 2016; Villnäs et al., 
2012), our results are consistent with the positive relationship found in numerous studies 
between in-fauna activity (e.g., bioturbation and bioirrigation) and DSi efflux (e.g., Aller, 
1980; Aller, 2001; Aller & Yingst, 1985; Bartoli et al., 2009; Marinelli, 1992; Raimonet 
et al., 2013).  Under low oxygen conditions, the extent and depth of burrows can be 
diminished thereby reducing solute exchange between sediments and the overlying water.  
Arguably, the cores used in our experiment are not suited for quantitative evaluation of 
the macro-organism biomass and/or activity; however, it is possible that this may 
partially explain our diminished DSi trends.  Furthermore, we found that hypoxic DSi net 
fluxes were positively correlated to sediment oxygen uptake (τ = 0.43, p = 0.0013) and to 
NH4+ and PO43- fluxes (τ = 0.38, p = 0.0050 and τ = 0.40, p = 0.0032, for NH4+ and PO43- 
fluxes, respectively).  These relationships suggest that at least some of the DSi flux 
variability may be attributed to general sediment respiration and nutrient remineralization 
rates.  We therefore hypothesize that as hypoxia intensifies DSi fluxes across the 
sediment-water interface will continue to decrease as a result of dampened rates of 
organic matter decomposition and silica dissolution (Figures 2.7g and 2.7h). 
Implications for Ecosystem Function 
Nutrient Regeneration: Ecological Implications for Increased PO43- Release 
From Sediments 
 In Waquoit Bay, sediments shifted from being a net zero flux of PO43- to being a 
net source under hypoxia.  This shift can have important implications in terms of 




cases the efflux of P from sediments contributes substantially to the system's total P load.  
For example, in the Gulf of Finland the internal P load from sediments has been linked to 
promoting eutrophication by increasing phytoplankton primary production in the water-
column (Pitkänen et al., 2001).  Furthermore, in a recent review of estuarine benthic 
fluxes, Boynton et al. (2018) found that across all latitudes, sediments contribute more 
substantially to the required P necessary for primary production than the N demand 
(Boynton et al., 2018) and support the theory that P release from sediments can play a 
role in N limitation in estuarine and coastal ecosystems. 
 As a measure of the effect sediment efflux of PO43- could have in Waquoit Bay, 
we determined how much of the PO43- released from sediments during nighttime hypoxia 
could contribute to net daytime primary production.  Primary production in Waquoit Bay 
is dominated by two types of macroalgae mats (Gracilaria tikvahiae and Cladophora 
vagabunda; Peckol & Rivers, 1996) and phytoplankton (Haberstroh, 1990).  Based on the 
primary production rates of macroalgae (4.9 and 2.0 g C m-2 d-1 for CRE and SLP, 
respectively; Peckol & Rivers, 1996) and phytoplankton (1.2–2.4 and 0.24 g C m-2 d-1, 
CRE and SLP, respectively; Haberstroh, 1990), the average molar C:N ratio for dried 
tissues of Cladophora, spp. and Gracilaria, spp. (20.6; Yacano, 2017), and the average 
molar N:P ratio (22.5; Peckol et al., 1994), Redfield molar ratios for phytoplankton 
C:N:P (106:16:1; Redfield, 1934), an average summer day length, and the median 
hypoxic PO43-flux (5.2 µmol m-2 h-1), we determined that a hypoxic nighttime sediment 
efflux of P could account for 3%–5% of phytoplankton and 6% of macroalgae maximum 




macroalgae primary production in SLP.  Although the sediment contribution of PO43- to 
water-column primary production may seem small at CRE, under different environmental 
circumstances the contribution could be much more substantial and ecologically 
significant.  For example, during a typical year there are benthic hypoxia events in CRE 
that persist over continuous days (not just nighttime hypoxia). In this scenario, scaling up 
the PO43- released over the course of an entire day (i.e., 24 hr) of hypoxia at CRE 
increases the contribution to 7%–13% (of phytoplankton) and 14% (of macroalgae) P 
demand.  Furthermore, during the fall we expect that primary production rates will 
decrease, while hypoxia can still occur.  During this time seasonal P limitation on 
macroalgae primary production has been suggested (Peckol et al., 1994), and sediment 
release of P under hypoxic conditions could therefore stimulate more primary production 
extending the growing season and the amount of organic matter generated in the system. 
 The increased efflux of PO43- from sediments is important not only in terms of the 
total quantity that ends up in the water-column but also in terms of the amount relative to 
other nutrients.  Both marine autotrophs and heterotrophs may be limited by N and P 
(e.g., Cotner et al., 1997; Elser et al., 1995; Howarth, 1988; Sala et al., 2002; 
Sundareshwar et al., 2003; Vadstein, 2000; Vieillard & Fulweiler, 2014).  These nutrient 
requirements can vary substantially across species and even within a species group 
depending on the season and environmental conditions (e.g., Arrigo, 2005; Conley, 1999; 
Cotner et al., 2010; Malone et al., 1996; Sala et al., 2002; Scott et al., 2012).  Therefore, 
altering the flux of one essential nutrient (e.g., P), while not substantially changing 




activity in both the sediments and the water-column.  In Waquoit Bay, varying impacts of 
hypoxia on nutrient flux rates resulted in final concentration ratios to be substantially 
altered. Both the N:P and Si:P final ratios were highly variable among the different cores, 
but the median values were 49% lower at the end of the hypoxic core incubation 
compared to the normoxic incubation (p = 0.0008 and p = 0.0035, N:P and Si:P, 
respectively; Table A.8).  The ratios for N:P (34.6 ± 15.8, median ± MAD) and Si:P (49.6 
± 25.8) were greater than 16 (i.e., the predicted Redfield ratio, Redfield, 1934) at the end 
of the normoxic incubation (p < 0.0001).  At the end of the hypoxic incubation Si:P ratios 
(25.4 ± 14.4) were still greater than 16 (p = 0.0010), but N:P ratios (17.5 ± 5.8) were not 
significantly different from 16 (p = 0.0757; Table A.8).  Despite the potential decrease in 
sediment Si regeneration rates (see above), there was no significant difference observed 
in the N:Si final ratios between the two incubations (0.62 ± 0.3 and 0.64 ± 0.2, normoxic 
and hypoxic, respectively; p = 0.4233), and both values were below the Redfield 
predicted value of 1 (p = 0.0034 and p = 0.0096, normoxic and hypoxic incubations, 
respectively; Redfield, 1934; Table A.8). 
Reactive N Removal: Unchanged but Potential for Decrease if Hypoxia 
Intensified 
 In these experiments we did not find diminished denitrification under hypoxic 
conditions, as there was no significant change in the net N2 flux.  Although these results 
indicate that the potential of these sediments to remove reactive nitrogen is unchanged by 
hypoxia, the hypoxia in our experiments was relatively short and mild.  As described 




intense hypoxia/anoxia will eventually diminish denitrification by simultaneously 
inhibiting nitrification (decreasing NOx substrate) and promoting DNRA (which 
competes with denitrifiers for NOx substrate).  In some coastal ecosystems, anaerobic 
ammonium oxidation (i.e., anammox) can also be an important N removal pathway, 
which could have a different response to hypoxia relative to dentirification.  However, 
based on previous work in Waquoit Bay, sediment anammox rates were not detectable 
(Newell et al., 2016).  This is consistent with other shallow (<20 m) estuarine systems 
where anammox typically accounts for <6% of total N removal (Brin et al., 2014; 
Dalsgaard et al., 2005). 
Greenhouse Gas Regulation: Decreased N2O Uptake Diminishes an Important 
Ecosystem Service 
 Benthic regulation of greenhouse gases was also changed under hypoxia. 
Sediment uptake of N2O under hypoxia decreased, indicating that low oxygen conditions 
may limit the capacity of sediment processes to remove this powerful greenhouse gas and 
ozone depleting substance.  Conversely, there was some indication that CH4 production 
from the sediments may be slightly decreased, which could help to balance the overall 
impact of hypoxia on greenhouse gas fluxes, at least during mild/early stage hypoxia.  
However, there was high variability between core flux rates and we would expect that 
under prolonged, intense hypoxia, CH4 fluxes would also increase, as has been suggested 
in previous studies (e.g., Damgaard et al., 1998; Gelesh et al., 2016; Naqvi et al., 2010). 
 In order to determine the importance of the decrease in sediment N2O uptake, we 




we used the N2O load to CRE from septic system contaminated groundwater (0.6 mol 
N2O d-1; LaMontagne et al., 2003, Lloret & Valiela, 2016). Scaling our average sediment 
N2O uptake rates at CRE to the subestuary water body surface area (0.132 km2) for an 
entire day (0.13 ± 0.02 and 0.06 ± 0.02 mol d-1 for normoxic and hypoxic uptake rates, 
respectively), we estimate that under normoxic conditions the sediments remove 
approximately 22% of the N2O load, while under hypoxic conditions, the sediments only 
removed 11%.  This is a significant decrease in the total uptake of this powerful 
greenhouse gas and suggests that low oxygen conditions may exacerbate greenhouse gas 
emissions from coastal ecosystems. 
Conclusions and Future Directions 
 Our core incubation experiments were designed to simulate water above 
sediments switching from being oxic to hypoxic, as could occur under dark conditions by 
aerobic respiration, and minimal water-column mixing and advection.  We measured the 
sediment nutrient and dissolved gas flux rates just after the system oxygen concentrations 
fell below the hypoxic threshold and found that certain fluxes across the sediment-water 
interface were altered significantly (e.g., PO43- and N2O), while others were unchanged 
(e.g., NH4+ and N2). Interestingly, despite differences in geomorphology (e.g., tidal river, 
open basin, and semi-enclosed lagoon) and in basic sediment characteristics across the 
sampling stations (e.g., oxygen uptake, %C and %N), the biogeochemical response to 
hypoxia was similar.  We therefore expect that the results and conceptual models from 
this study may be applied more broadly to other shallow, temperate estuarine systems. 




a diel cycle (D'Avanzo & Kremer, 1994); however, in certain regions of the estuarine 
system, hypoxia can persist for several days due to limited mixing.  While decreases in 
atmospheric N deposition (Lloret & Valiela, 2016) has kept the N budget for Waquoit 
Bay relatively stable over the past 20 years (Valiela et al., 2016), changes to sea surface 
temperatures (e.g., Fulweiler et al., 2015, Nixon et al., 2004) and other relevant regional 
meteorological parameters (e.g., river discharge; Foster & Fulweiler, 2014) could 
increase the occurrence and intensity of hypoxia.  Based on results from this study and 
from the literature, we expect that the impacts of hypoxia on benthic biogeochemistry 
will differ greatly depending on the intensity, duration, and frequency of low oxygen 
conditions, particularly for N-cycling processes. It is likely that various hypoxia 
thresholds exist for crucial biogeochemical process (Conley et al., 2009), similar to those 
that have been found for benthic macro-organisms (Vaquer-Sunyer & Duarte, 2008).  
Crossing those thresholds could act as a tipping point where fluxes will dramatically 
change nonlinearly and a new ecosystem state could emerge (Duarte et al., 2009; 
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Chapter 3 – Long-term trends in the frequency and phenology of coastal hypoxia 
vary with estuary type 
Foster, S.Q., and R.W. Fulweiler. (In Preparation for Limnology and Oceanography).  
 
Abstract 
 Declines in water-column oxygen is a widespread and growing phenomenon in 
marine waters.  These declines are attributed to forcings at both the local (e.g., nutrient 
loading) and regional/global (e.g., warming temperatures, changing wind speeds) scales.  
Here we used a nearly continuous seventeen-year (2002–2018) data set to investigate 
trends in summer dissolved oxygen concentrations across three estuary types (i.e., tidal 
river, open basin, semi-enclosed coastal lagoon).  We found that dissolved oxygen 
concentrations declined over time, and that the magnitude and drivers of this decline 
varied depending on estuary type.  In the tidal river, end of day oxygen concentrations 
decreased by 2.1 mg L-1 (p=0.0118), the frequency of hypoxia (dissolved oxygen ≤ 3 mg 
L-1) increased (p=0.0045), and the hypoxic season started 18 days earlier (p=0.0285).  In 
the open basin, early morning oxygen concentrations declined by 1.0 mg L-1 (p=0.0142), 
hypoxic frequency increased (p=0.0025), and the duration of the hypoxic season 
increased by 41 days (p=0.0039).  In the semi-enclosed coastal lagoon, dawn oxygen 
concentrations decreased by 1.1 mg L-1 (p=0.0833), hypoxic frequency increased 
(p=0.0691), but only in the last 7 years (2012–2018) and there were no significant 
changes in hypoxic season phenology.  Similar to the open ocean, temperature driven 
changes in solubility accounted for ~18% of the oxygen concentration decline.  Overall, 




oxygen concentrations and hypoxic metrics (e.g., frequency, phenology).  These 
biological processes were most strongly correlated to wind speed in the tidal river and 
open basin, but the relationships were opposite.  This study highlights the complexity of 
coastal hypoxia, and the importance of examining estuary type as we strive to understand 
future changes in water-column dissolved oxygen concentrations. 
 
Introduction 
 Since the mid 20th century, water-column dissolved oxygen (O2) concentrations 
across the globe have declined in both the coastal and open ocean (Diaz 2001; Gilbert et 
al. 2010; Diaz et al. 2011; Breitburg et al. 2018).  Declining O2 concentrations alter 
ecosystems structure and function through direct and indirect effects on organisms and 
redox chemistry (Breitburg 2002; Vaquer-Sunyer and Duarte 2008; Middelburg and 
Levin 2009; Levin et al. 2009). Water-column hypoxia (i.e., low oxygen) and anoxia (i.e., 
no oxygen) are currently considered to be among the most important changes occurring 
in marine ecosystems (Diaz and Rosenberg 1995; Keeling et al. 2010; Zhang et al. 2010; 
Rabalais et al. 2014).   
 Recent open ocean deoxygenation work has focused on the role of large scale 
physical forcings associated with global climate change (Bopp et al. 2013; Ito et al. 
2017).  In particular, rising ocean water temperatures decreases O2 solubility (Helm et al. 
2011; Breitburg et al. 2018), limits O2 input from the atmosphere by increasing 
stratification (thereby decreasing vertical mixing in the water-column) (Stramma et al. 




aerobic respiration (Harris et al. 2006).  Similar to the open ocean, O2 concentrations in 
coastal systems are impacted by these physical changes (Rabalais et al. 2014; Altieri and 
Gedan 2015; Levin and Breitburg 2015).  Coastal water-column hypoxia is also strongly 
driven by excess nutrient and/or organic matter inputs (e.g., Breitburg et al. 2018).  In 
fact, coastal water dissolved O2 concentrations are declining more rapidly than the open 
ocean (Gilbert et al. 2010) which likely reflects the combined effect of increasing 
nutrients and physical changes associated with global warming (Breitburg et al. 2018). 
 Across the east coast of the United States, several, clear strong long-term trends in 
temperature, wind, and atmospheric deposition – all factors that can drive water-column 
dissolved O2 concentrations. For example, multiple datasets from different coastal 
locations show surface water temperatures are increasing steadily.  In Great Harbor 
(Woods Hole, Massachusetts, USA), Nixon et al. (2004) found a 1.2 °C total increase in 
mean annual temperature between 1970 and 2002 (Nixon et al. 2004).  Similarly, total 
annual mean surface water temperatures in Narragansett Bay (Rhode Island, USA) have 
increased 1.4 to 1.6 °C between 1960–2010 (Nixon et al. 2009; Fulweiler et al. 2015).  In 
the Gulf of Maine annual surface temperatures increased at a similar rate (0.03 °C y-1 or 
0.96 °C total increase) from 1982 to 2013, which is faster than 99% of the global ocean 
(Pershing et al. 2015).  There is also a strong trend of declining annual wind speed in the 
northeast (-0.026 m s-1 y-1, 1960-2009, Blue Hill Observatory, Milton, Massachusetts, 
McVicar et al. 2012).  The strongest declining rates are in the winter and spring (-0.029 
and -0.030 m s-1 y-1 for 1961-2013) (Iacono and Azorin-Molina 2014).  Concurrent with 




decreased by nearly 50% since 2000 (Lajtha and Jones 2013; Vet et al. 2014; Lloret and 
Valiela 2016), largely due to reduced emissions and shifting directions of air mass 
transport (Lloret and Valiela 2016).  This is important because N deposition can account 
for a substantial proportion of N inputs to coastal water bodies (Bowen and Valiela 2001; 
Fulweiler and Nixon 2005). 
 The multitude of environmental changes and the complexity of coastal 
ecosystems in terms of geomorphology, hydrology, and biological communities makes it 
challenging to understand and characterize long-term changes in water-column dissolved 
O2 concentrations.  Here we hypothesized that there is no one model that can describe 
coastal ecosystem water-column dissolved O2 change overtime.  Instead, we proposed 
that the response of dissolved O2 concentrations to long-term, large-scale forcings (e.g., 
rising water temperature, changes in wind speed, etc.) would differ overtime depending 
on the unique characteristics of estuary type, such as water residence times, vertical 
exchange, and dominant primary producers.   
 To test this hypothesis, we used a nearly continuous time series from three distinct 
estuary types (i.e., a tidal river, open basin, and a semi-enclosed coastal lagoon; Waquoit 
Bay, Massachusetts (USA), Figure 3.1). This system is largely representative of other 
temperate coastal ecosystems and is currently one of the 500 coastal sites that is 
identified as having hypoxic conditions (Diaz et al. 2011).  Hypoxia occurs during the 
warmest months of the year (July–September), typically on a diel basis (Supplemental 
Figure 3.1).  Although wastewater N inputs from the watershed surrounding this system 




overall N load resulting in no significant change from 1990 to 2014 (Valiela et al. 2016).  
The unchanged nutrient regime therefore afforded us the opportunity to focus on the 
potential impacts of increasing temperature and decreasing wind on O2 dynamics in three 
distinct estuarine types.  We analyzed 17 continuous years of data (2002–2018) to 
determine if O2 concentrations and hypoxia have changed over time.  We then examined 




Site Characteristics  
 We analyzed continuous long-term dissolved O2 and water quality data from 
stations in three sub-estuaries within the Waquoit Bay (WB) system:  a tidal river 
represented by Childs River, an open basin represented by Metoxit Point, and a semi-
enclosed coastal lagoon represented by Sage Lot (Figure 3.1, Table 3.1).  These stations 
are part of the National Estuarine Research Reserve (NERR) System-Wide Monitoring 
Program (SWMP).  Although the three estuaries have distinct geomorphological features, 
they have similar bottom water salinity and temperatures, sediment organic content 
(Foster and Fulweiler 2014; 2019), and total macrophyte (macroalgae plus submerged 
aquatic vegetation (SAV)) biomass (Fox et al. 2008) (Table 3.1).  The estuaries differ 
however, in their hydrology regimes (e.g., freshwater inflow, horizontal water 
circulations, vertical salinity structures), dissolved nitrogen loads (Valiela et al. 1997a; 




the Childs River as the tidal river, Metoxit Point as the open basin, and Sage Lot as the 
semi-enclosed coastal lagoon.  
 In the tidal river the water-column is often strongly stratified, with surface 
freshwater laying above a layer of saline marine water.  Salinity can range from 0-15 ppt 
while bottom waters are consistently around 27 ppt.  The SWMP water quality sonde 
sensors are usually well within the salt wedge portion of the water-column 
(approximately 25 cm above the sediment) (Table 3.1).  The river receives a relatively 
high load of nitrogen via septic system contaminated groundwater from housing 
developments in the surrounding sub-watershed (Valiela et al. 1997a; 2000; 2016), and 
has chronic hypoxia at dawn in the summer (Figure B.1a, B.1d, B.1g, (D'Avanzo and 
Kremer 1994)).   
 The open basin is generally well mixed/flushed by winds and tides.  This site is 
characterized by thick macroalgae mats (predominantly of Cladophora, spp.) that cover 
much of the bottom.  In the summertime, the daily range of dissolved O2 concentrations 
can be large, however the duration of hypoxia is typically shorter than at the stratified 
tidal river (Figure B.1b, B.1e, B.1f).   
 The semi-enclosed coastal lagoon is a shallow waterbody surrounded by a barrier 
beach to the south and salt marshes around the rest of the perimeter.  Water is tidally 
exchanged with the most seaward waters of the main bay through a shallow sandy inlet 
that shifts regularly.  The coastal lagoon receives freshwater from precipitation and 
groundwater that flows through an undeveloped sub-watershed.  As a result, the 




(Valiela et al. 1997a; 2000; 2016), and it is also one of the only regions where eelgrass 
beds remain (NOAA 2018).  In this estuary, eelgrass (Zostera marina) makes up 
approximately a half of the total macrophyte biomass (Table 3.1, Fox et al. 2008, NOAA 
2018).  Summertime O2 concentrations fluctuate slightly less than the other estuaries 






Figure 3.1 Map of the Waquoit Bay estuarine system located on the south shore of Cape Cod 
(Massachusetts, USA).  
Water quality sonde and sampling stations are located in three distinct sub-estuaries including a tidal river 
(Childs River), an open basin (Metoxit Point), and a coastal lagoon (Sage Lot).  The basemap is from ESRI 
Online World Imagery, Satellite & Aerial Imagery at ~0.5m resolution (updated June 5, 2019, accuracy 





Table 3.1 General physical, chemical, and biological characteristics across three estuary types in 
Waquoit Bay.   
Values for salinity, temperature, oxygen, ammonium, nitrate plus nitrite, phosphate are the mean plus or 
minus the standard error. Macrophyte survey data were provided by WBNERR (2004, 2007, 2011, 2016) 
and the Marine Biological Laboratory (2016).  Benthic chlorophyll-a (Chl-a) are from sediment samples 
collected from intertidal locations (2–34 cm water depth) and subtidal locations (1.2–2 m water depth).  All 
primary producer biomass values are the mean plus or minus the standard error, except for intertidal 
benthic Chl-a where a range is given. 
 
  Tidal River Open Basin Semi-enclosed Coastal Lagoon 
        
General Characteristics       
Station Name Childs River  Metoxit Point  Sage Lot  
Latitude  41° 34' 47.28" N 41° 34' 8.04" N 41° 33' 15.12" N 
Longitude 70° 31' 51.24" W 70° 31' 17.76" W 70° 30' 30.20" W 
Deptha (m) 1.2 2.2 1.2 
Sensor Depth from Bottom (m) 0.25 0.50 0.50 
Water-Body Surface Area (km2) 0.13 1.4^ 0.15 
Water Residence Time (d) 3.4b 2a*b 2c 
        
Summer Bottom Water 
Conditionsa       
Salinity (ppt) 26.5 ±0.01 29.7 ± 0.00 29.7 ± 0.01 
Temperature (° C) 24.8 ± 0.01 24.1 ± 0.01 24.0 ± 0.01 
Oxygen (mg O2 L-1) 4.6 ± 0.01 7.3 ± 0.01 7.0 ± 0.01 
Ammonium (µmol NH4+ L-1) 2.9 ± 0.4 1.3 ± 0.2 2.1 ± 0.4 
Nitrate + Nitrite (µmol NOx L-1) 3.0 ± 0.6 0.51 ± 0.17 0.53 ± 0.17 
Phosphate (µmol PO43- L-1) 0.70 ± 0.06 0.66 ± 0.08 0.70 ± 0.09 
        
Primary Producer Biomass       
   Macrophytesa        
Macroalgae (g.d.w. m-2) 344 ± 91 499 ± 51 109 ± 18 
Eelgrass (g.d.w. m-2) 0 0 60 ± 27 
Total (g.d.w. m-2) 344 ± 91 499 ± 51 169 ± 31 
   Microalgae       
Intertidal Benthic Chl-ad (mg m-2) 90–120 n.a. 50–90 
Subtidal Benthic Chl a (mg m-2) 33.4 ± 4.9 29.2 ± 5.3 24.4 ± 3.8 
Water-column Chl-aa (µg L-1) 31.2 ± 2.8 5.1 ± 0.5 5.1 ± 0.7 
 
a NOAA 2019, bMEP 2013 cD'Avanzo et al. 1996 dLever & Valiela, 2005.  
*Metadata states that Metoxit Point has a water residence time "typical" of other regions in the bay (i.e., 
approx. 2 d).   






 The main datasets used in our study include water quality parameters (e.g., 
salinity, temperature, dissolved O2) that are obtained continuously (i.e., every 15 or 30 
min) from deployed multi-sensor YSI 6600-series or EXO2 data loggers, hereafter 
referred to as sondes.  In addition to the continuous sonde data, we also used water-
column dissolved nutrient (ammonium (NH4+), nitrate plus nitrite (NOx), phosphate 
(PO43-)) and chlorophyll-a also collected by the reserve from monthly grab samples at the 
SWMP stations.  Wind speed data are from the WBNERR meteorological station 
(Carriage House, 41° 34’54.09” N, 70° 31’30.65” W) that collects data continuously at 
15-minute intervals.  Sensors are located on a tower 10 m above the ground above the 
adjacent Carriage House building. All water quality and wind speed data sets were 
downloaded from the Central Data Management Office (CDMO) website (NOAA, 2019).  
We also obtained macrophyte biomass data through an email request to WBNERR 
(NOAA, 2018).  Macrophyte transect surveys were conducted at the end of the growing 
season (i.e., October–November) approximately every 3 to 5 years using a Ponar benthic 
grab sampler (9 in by 9 in).  Macrophyte survey data was available for 2004, 2007, & 
2011 (by WBNERR), and for 2016 (by WBNERR and the Marine Biological Laboratory 
(MBL)).  	
Data Management  
 For all of our data processing and analysis we used Microsoft Excel (2011, 
version 14.7.7) JMP Pro (version 14.1.0) and R (version 3.3.2 GUI1.68) / R Studio 




package SWMPr and supporting documents (Beck 2016).  After importing downloaded 
water quality data into R, we ran a quality check SWMPr function (qaqc) that filtered out 
entries flagged by the WBNERR staff as “Data Rejected” and for some “Suspect Data” 
flags.  Water quality data collected between 2002–2007 were on 30 min intervals, while 
the second half of the series 2007–2018 are on 15 min intervals.  In order to make the 
data consistent for inter-annual comparisons we adjusted all data to read at 30 min 
intervals and selected the years of 2002–2018 as the most complete time-frame across all 
estuaries.  We also designated seasons to the datasets using the equinoxes and solstices 
(Spring: 80–172 Day of Year (DOY), Summer: 173–265 DOY, Fall: 266–355 DOY, 
Winter: 355–366 & 1–79 DOY).  After running the automated quality checks, we also 
viewed all data to check for erroneous points.  In addition, although WBNERR SWMP 
data are continuous, there are many instances of missing data, particularly in the winter 
and early spring months.  In order to control for bias, we focused our analyses on the 
hypoxic season (i.e., summer months June–September), when there is relatively 
consistent data coverage.  For all datasets we carefully viewed and evaluated data sets for 
each year, to ensure adequate data coverage before conducting our analyses. 
Metrics for Hypoxia  
 In order to evaluate if hypoxia changed over the time series, we first determined 
trends in summertime dissolved O2 concentrations.  To do this we evaluated summer O2 
data from each year and each estuary type, to be sure that there was sufficient coverage 
so as to not bias our analyses.  For the tidal river we were able to keep all years, for the 




2015.  All years removed were missing greater than 25% of the total possible data.  We 
then determined the median dissolved O2 concentration value for each year using the 
dataset of summertime values for a full (i.e., 24 h) day.  In shallow ecosystems like 
Waquoit Bay, O2 concentrations in the water-column are largely controlled by primary 
producer daily photosynthesis and respiration.  This results in a strong diel pattern 
(Figure B.2) where the highest concentrations are observed in the late afternoon/ early 
evening while the lowest concentrations occur in the early morning (Figure B.1g, B.1h, 
B.1i).  To capture potential O2 concentration changes occurring during these two 
important daily time periods we subset our datasets into two 4-hour time-frames, dawn 
(hours 4–8) and dusk (hours 14–18).  To determine the strength and direction of the 
relationship between O2 concentrations and time, we used the non-parametric Kendall 
rank correlation (Kendall 1938) with a p-value significance threshold of less than 0.10.  
To determine rates of change, we used the non-parametric Theil-Sen estimator to 
determine slope and intercept of the linear model.  The Theil-Sen slope calculates the 
median of the slope of all lines through pairs of points, and is therefore relatively robust 
to outliers (Theil 1950; Sen 1968; Testa et al. 2018).  To describe the variability around 
the median slope/rate of change we used the 95% confidence intervals (CI).  The Kendall 
test,p-value threshold, and Theil-Sen slope were conducted in R using the Kendall and 
mblm packages downloaded from the CRAN repository.  These statistical measures were 
used to evaluate significant change across all of our time series analyses.   
 We next found all hypoxic entries from each dataset defining hypoxia as 




takes into account the broad range of O2 concentrations that can impair biological 
organisms and the synergistic effects that low O2 concentrations can have in combination 
with other stressors like increasing temperatures (Vaquer-Sunyer and Duarte 2008; 
Steckbauer et al. 2011; Vaquer-Sunyer and Duarte 2011; Foster and Fulweiler 2019).  
Because the datasets from each estuary contained some missing and NAs (i.e., “not 
available”) data we normalized the hypoxic frequency values by the total number of 
entries, so that our measure of hypoxic frequency was a percentage of the total number of 
available O2 values for each dataset.  We then confirmed that there was no statistically 
significant trend with the total number of entries over the time series that could bias our 
results (|Tau| < 0.25 and p-values > 0.18, for all estuaries) 
 The phenology of the hypoxic season (start, end, duration) was determined for 
each year, using the same hypoxic dataset created for the frequency evaluation (described 
above).  Start of the season was the first day of the year that O2 fell below the 3 mg L-1 
threshold and the end of season was the last day a hypoxic value was measured.  Duration 
of the season was simply the last day hypoxia was observed minus the first day for each 
year.  In a few years, the frequency of entries and the start/end of the hypoxia may have 
been missed due to missing data.  In the interest to keeping as much of the available data 
as possible while maintaining a high quality, we have done our time series analyses with 
and without the suspect years, to be sure that no bias was impacting the trends.  
Explanatory Variables  
To better understand some of the trends observed in hypoxia across the time series we 




analyzed temperature, salinity, wind speed, stream discharge, nutrient, and chlorophyll-a 
data-sets for the same 2002–2018 time-frame.  Using the ecometab function (SWMPr R 
package) we calculated daily integrated net ecosystem metabolism (NEM), gross primary 
production and respiration.  This function uses O2 and wind speed datasets and applies 
Odum’s open water method (Odum 1956) as described by Caffrey et al. (Caffrey 2003).  
The calculation defines diel changes in O2 concentrations as a balance between 
photosynthesis and respiration with a correction for air-sea gas diffusion using an 
empirical model (Ro and Hunt 2006; Thébault et al. 2008).  We also calculated the daily 
variance in O2 concentrations during the summer months, as another measure of the 
magnitude of ecosystem primary production and respiration.  All physical and biological 
variable datasets described above were compared to the O2 and hypoxia datasets and we 
assessed the strength of their relationships using Kendall’s Tau (rank correlation 
coefficient) (Kendall 1938) and statistical significance was determined by p-values < 
0.10.  We chose to do paired correlation analyses over multiple linear regressions for 
three reasons.  First, we were primarily interested in understanding the relationships 
between specific variables.  Second, many of our explanatory variables had linear 
relationships with each other, and we were concerned about the interference of this 
multicollinearity in our models.  And finally, choosing paired correlations allowed us to 
be consistent in using Kendall’s Tau as a non-parametric analysis.  We also analyzed 
macrophyte biomass data from the 4 survey years (i.e., 2004, 2007, 2011, 2016), and 
evaluated potential changes across the sampling dates for each estuary type using the 




statistical difference was detected (p-values < 0.10) we conducted a post-hoc Kruskal 
pair-wise test for multiple comparisons of mean rank sums (Neyemi Tests) in the 




Changes in the Hypoxic Season  
Dissolved Oxygen Concentrations 
 Across all three estuary types, we observed declining O2 concentrations during the 
summer hypoxic season (Figure 3.2).  In the tidal river dusk O2 concentrations decreased 
by a rate of -0.13 mg O2 L-1 y-1 (CI=-0.08 to -0.16 mg O2 L-1 y-1, Tau=-0.45, p=0.0118) 
for a total decline of -2.1 mg L-1 over the 17 y time series (Figure 3.2d).  Dawn O2 
concentrations were typically below the hypoxic threshold (annual summertime medians 
< 3 mg O2 L-1, except for 2002 and 2006 years < 4 mg O2 L-1), however there was no 
significant change in these concentrations over time (Tau=-0.16, p=0.3836, Figure 3.2a).  
The trend for O2 concentrations evaluated for the full 24 h day was also negative (Tau=-
0.26, p=0.1580, Figure 3.2c) but not statistically significant.  In contrast, at the open 
basin estuary, dawn O2 concentrations decreased overtime at a rate of -0.06 mg O2 L-1 y-1 
(CI=-0.05 to -0.10 mg O2 L-1 y-1, Tau=-0.46, p=0.0142, Figure 3.2b) for an overall 
decline of -1.0 mg L-1 over the seventeen years.  Dusk concentrations showed no change 
over time (Tau=-0.01, p=0.9637, Figure 3.2e).  For full day O2 concentrations in the open 




0.52, p=0.0063, Figure 3.2h).  At the semi-enclosed coastal lagoon, there was no trend in 
O2 concentrations during the dawn (Tau=-0.17, p=0.4228, Figure 3.2c) or dusk (Tau=-
0.26, p=0.2189, Figure 3.2f) over the full time series.  However, we observed a slight 
declining trend over the full day (-0.05 mg L-1 y-1, CI=-0.03 to -0.06 mg L-1 y-1, Tau=-
0.45, p-value=0.0366, Figure 3.2i).  At the semi-enclosed lagoon both dawn and dusk O2 
trends shifted dramatically around 2011–2012, with the most recent seven years showing 
a decline in O2 concentrations at dawn (-0.15 mg L-1 y-1, CI=-0.10 to -0.21 mg L-1 y-1, 
Tau=-0.80, p=0.0833, Figure 3.2c) and an increase at dusk (0.15 mg L-1 y-1, CI=0.10 to 
0.35 mg L-1 y-1, Tau=0.74, p=0.0770, Figure 3.2f).  Note that these trends are for a limited 








Figure 3.2 Summer dissolved oxygen (O2) concentrations over time across the three estuary types.  
Tidal river (plots a, d, g), open basin (plots b, e, h), and semi-enclosed coastal lagoon (plots c, f, i).  Annual 
summer medians were calculated for the dawn (i.e., hours 4-8, plots a, b, c), dusk (i.e., hours 14-18, plots d, 
e, f), and full day (i.e., hours 0-23, plots g, h, i).  Significant Kendall’s Tau correlations (i.e, p-values < 0.1) 
are indicated by bold font and solid model lines on plot (dashed lines are for p-values > 0.1).  Theil-Sen 
model equations are shown for each plot.  Note that we evaluated the semi-enclosed coastal lagoon dawn 
and dusk data sets for two time periods due to a shift in trends around 2011–2012.  We also evaluated the 
full day and dawn data with and without the high point, 2006 (circled on plot) to evaluate how it was 














Frequency of Hypoxia 
 From 2002–2018, the frequency of hypoxia increased in both the tidal river 
(Tau=0.50, p-value=0.0045, Figure 3.3a) and open basin (Tau=0.53, p-value=0.0025, 
Figure 3.3b).  In the tidal river, where hypoxia is the most prevalent, the frequency of 
hypoxia increased from approximately 13% to 20% of the total season entries (Figure 
3.3a).  While in the open basin, hypoxic entries increased from 1.1 to 4.1% of the total 
(Figure 3.3b).  The trend was also positive in the more recent years (2012–2018) in the 
semi-enclosed coastal lagoon estuary (Tau=0.62, p-value=0.0691), however prior to 
2011–2012 the frequency of hypoxia was decreasing (Tau=-0.51, p-value=0.0466), and 
thus there was no significant trend over the entire time series (Tau=0.06, p-value=0.7765, 
Figure 3.3c).  The occurrence of hypoxia in the coastal lagoon was low (0–2.5% of 






Figure 3.3 Frequency of hypoxia over time across three estuary types. 
Tidal river (plot a), open basin (plot b), and semi-enclosed coastal lagoon (plot c).  Points represent the 
percentage of total season entries that were hypoxic (i.e., dissolved oxygen concentrations ≤ 3 mg O2 L-1) 
for each year.  Equations are for Theil-Sen linear models of frequency over time.  Solid model lines 
indicate where a significant (p-value < 0.1) correlation was found (using Kendall’s Tau).  Note that in the 
tidal river data set we found two years where data collection may have begun after the hypoxic season 
started (i.e., 2002 and 2014), thus potentially missing hypoxic entries.  These years are indicated by solid 
line circles.  Similarly, we also identified two years where gaps in the data towards the end of the year may 
have missed some hypoxic entries (indicated by circles with dashed outlines).  Data from the semi-enclosed 
coastal lagoon were evaluated for two time periods (2002–2011 and 2012–2018) due to a shift in trends 




Hypoxic Season Phenology 
 At both the tidal river and the open basin estuaries, the phenology of the hypoxic 
season changed substantially overtime (Figure 3.4).  In the tidal river, the hypoxic season 
started earlier by approximately 18 days at a rate of -1.1 d y-1 (CI=-0.5 to -2 d y-1, Tau=-
0.39, p=0.0285, Figure 3.4a).  In the open basin, the hypoxic season started earlier by 
approximately 30 days (-1.8 d y-1, CI=-1.1 to -2.3 d y-1, Tau=-0.45, p-value=0.0126, 
Figure 3.4b), shifting the start from early June to early May.  The season also ended later 
by 17 days, extending into mid-October (1.0 d y-1, CI=0.7 to 1.4 d y-1, Tau=0.45, p-
value=0.0117, Figure 3.4e), and the overall duration of the hypoxic season increased by 
41 days in the open basin (2.4 d y-1, CI=1.9 to 3.5 d y-1, Tau=0.52, p-value=0.0039, 
Figure 3.4h).  In the semi-enclosed coastal lagoon, there were no significant phenological 
changes to the hypoxic season for the full time series (Figures 3.4c, 3.4f, & 3.4i), or for 





Figure 3.4 Changes in hypoxic season phenology over time for three estuary types. 
Tidal river (plots a, d, g), open basin (plots b, e, h), and semi-enclosed coastal lagoon (plots c, f, i).  The 
hypoxic season start (plots a, b, c) is defined as the first day of year (DOY) that hypoxic conditions occur 
(i.e., dissolved oxygen concentrations ≤ 3 mg O2 L-1), and the season end (plots d, e, f) is the last day of 
year with hypoxia.  Season duration (plots g, h, i) is the difference between end day of year and start for 
each year.  We circle (solid outline) two years in the tidal river data where data collection may have begun 
after the hypoxic season started (i.e., 2002 and 2014 Similarly, we also identified (circle with dashed 
outline) two years where gaps in the data towards the end of the year may have missed some hypoxic 
entries.  Lines represent Theil-Sen slope, and model equations are on each plot.  Significant Kendall Tau 















Temperature Effects on O2 Solubility 
 Over the time series (2002–2018) median summer full day temperatures were 
variable year to year but water temperatures rose in all estuaries (tidal river: 0.08 °C y-1, 
Tau=0.33, p-value=0.0776; open basin: 0.09 °C y-1, Tau=0.34, p-value=0.0577; semi-
enclosed coastal lagoon: 0.08 °C y-1, Tau=0.32, p-value=0.0865) (Table B.1).  We 
estimated the approximate solubility effect increasing temperature would have on the 
observed dissolved O2 concentrations (Table 3.2).  We used the rate of change of 
temperature from the linear Theil-Sen model and empirical solubility equations and 
experimentally derived constants for O2 in seawater (Colt 1984) to determine the 
solubility of O2 (i.e., concentration at equilibrium) at the start and end of the time series.  
The difference between the solubility at the higher temperature was then compared to the 
total change in O2 concentrations measured over the time series at each estuary (based on 
slope of the Theil-Sen model).  We limited our analyses to the O2 datasets where we 
observed a significant change in concentrations.  The relative importance of temperature 
on these trends varied between the estuary types.  In the tidal river, the effect of 
increasing temperature on O2 solubility accounted for approximately 7% (CI=5 to 11%) 
of the total decrease in dusk O2 concentrations.  Whereas in the open basin, the 
temperature effect on solubility accounted for a larger percentage of the total change in 
O2 concentrations for the full day (29%, CI =16–35%) and at dawn (19%, CI=11–22%).  




18% (CI =14–36%) of the total O2 concentration change observed over the time series for 






Table 3.2 Contribution of reduced solubility on observed declines in O2 concentrations.   
At the three estuary types (i.e., tidal river, open basin, and semi-enclosed coastal lagoon), we determine the potential contribution of O2 solubility 
change (as a function of temperature (T) and salinity (S)) on the observed declines in summer O2 concentrations.  We calculated the total change in O2 
concentrations in instances where there was a significant correlation with time (p<0.1) over the full 17-year time series (2002–2018).  Next using the 
corresponding temperature rates of increase over time, we determined the subsequent change in solubility for dissolved oxygen concentrations at 
equilibrium ([O2]eq).  Note that some years were not included in the analyses due to insufficient data coverage.  Specifically, we removed 2013 (tidal 
river, dusk temperature dataset); 2016 (open basin, oxygen datasets); 2003, 2004, 2013, 2015 (semi-enclosed coastal lagoon, oxygen dataset), and 2013 































Dusk -0.45 0.0118 -2.13 -2.68 -1.38 mg O2 L
-1 26.1 25.0 26.2 -0.15 7% 5% 11%
Open Basin
Full Day -0.52 0.0063 -0.63 -1.13 -0.51 mg O2 L
-1 29.8 24.0 25.5 -0.18 29% 16% 35%
Dawn -0.46 0.0142 -1.00 -1.71 -0.84 mg O2 L
-1 29.9 23.3 24.8 -0.19 19% 11% 22%
Semi-enclosed                        
Coastal Lagoon
Full Day -0.45 0.0366 -0.85 -1.09 -0.43 mg O2 L
-1 30.8 23.7 25.0 -0.15 18% 14% 36%
Summer Temperature Change
Tidal River
Dusk 0.33 0.0788 1.28 0.50 1.70 ºC
Open Basin
Full Day 0.34 0.0577 1.58 0.83 1.96 ºC
Dawn 0.36 0.0430 1.60 0.81 2.05 ºC
Semi-enclosed                         
Coastal Lagoon
Full Day 0.32 0.0865 1.34 0.65 1.53 ºC
Correlation with 
Time




Correlations with Metrics of Hypoxia  
 We used correlation analysis to examine the relationships between hypoxia 
metrics (i.e., dissolved O2 concentrations, frequency of hypoxia, and hypoxic season 
phenology) and a suite of biological, physical, and chemical parameters (Table 3.3).  The 
relative strength of relationships to these variables varied across estuaries and with the 
hypoxic metric.  Biological parameters (e.g., gross primary production, respiration, daily 
O2 variance, chlorophyll-a) were significantly correlated to all instances where we 
observed significant changes to dissolved O2 concentrations (Table 3.3).  Higher rates of 
primary production and respiration related to lower O2 concentrations in the dawn and 
over the full day.  And in the tidal river, lower dusk O2 concentrations were related to 
lower rates of primary production and respiration.  In most cases, temperature was also 
strongly correlated to the O2 and hypoxic metrics, with warmer temperatures relating to 
lower O2 concentrations and higher frequencies of hypoxia.  Temperature was relatively 
less correlated to the measures of hypoxic season phenology (Table 3.3).  At both the 
tidal river and the semi-enclosed coastal lagoon, salinity was negatively correlated to 
dissolved O2 concentrations, and positively correlated to the frequency of hypoxia.  
Where higher salinity was associated with lower O2 concentrations and a higher 
frequency of hypoxia.  Nutrient concentrations were related to the O2 concentration and 
hypoxic metrics in only a couple cases.  In the tidal river, NH4+ was positively correlated 
to the dusk O2 concentrations, so decreasing NH4+ related to decreasing dusk O2.  In 
addition, at the tidal river, the earlier start to the hypoxic season was related to higher 




related to biological parameters and less influenced by physical and chemical variables.  
However, in the tidal river both physical and nutrient parameters were related to 
significant changes in O2 concentrations, hypoxic frequency, and phenology. In the semi-
enclosed coastal lagoon hypoxic frequency and phenology also had relationships to 






Table 3.3 Relationship of oxygen (O2) and hypoxia metrics with biological, physical, and chemical explanatory variables.   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: NEM (net ecosystem metabolism), Pg (gross primary production), |R| (absolute 





Variables   Oxygen Concentrations 
Frequency 
of Hypoxia Hypoxic Season Phenology 
      Full Day Dawn Dusk   Start End Duration 
Tidal River                   
2002–2018                   
  Time   -0.26 -0.16 -0.45** 0.47*** -0.38** 0.16 0.24 
  Biological                 
  NEM   0.08 0.00 0.10 -0.06 -0.16 -0.03 0.03 
  Pg   0.30 0.15 0.63*** -0.32* -0.04 0.01 0.09 
  |R|   0.31* 0.15 0.70*** -0.29 -0.10 0.07 0.16 
  Daily O2 Variability   0.18 0.05 0.57*** -0.35* 0.11 0.05 0.02 
  Chlorophyll-a   -0.17 0.00 -0.18 0.28 -0.66*** 0.44* 0.45* 
  Physical                 
  Temperature    -0.36* -0.42** -0.34* 0.40** -0.25 -0.29 -0.05 
  Salinity   -0.35* -0.19 -0.45** 0.45** -0.10 -0.07 0.01 
  Wind Speed    0.34 0.07 0.28 -0.09 0.10 0.10 0.07 
  Chemical                 
  NH4+   0.33 0.17 0.49** -0.31 0.14 0.01 -0.03 
  NOx   0.06 0.26 -0.03 0.25 -0.44* 0.50* 0.44* 













Variables   Oxygen Concentrations 
Frequency 
of Hypoxia Hypoxic Season Phenology 
      Full Day Dawn Dusk   Start End Duration 
Open Basin                   
2002–2018                   
  Time   -0.52*** -0.46** 0.00 0.53*** -0.45** 0.45** 0.52*** 
  Biological                 
  NEM   -0.24 -0.21 -0.02 0.09 -0.12 -0.08 -0.06 
  Pg   -0.29 -0.42** 0.14 0.56*** -0.33** 0.17 0.28 
  |R|   -0.32* -0.48** 0.04 0.50*** -0.27 0.18 0.29 
  Daily O2 Variability   -0.33* -0.49** 0.25 0.56*** -0.22 0.49*** 0.47** 
  Chlorophyll-a   -0.07 -0.07 -0.19 0.23 -0.53** 0.42 0.48** 
  Physical                  
  Temperature    -0.44** -0.36* -0.20 0.25 -0.26 0.28 0.36** 
  Salinity   -0.03 -0.05 -0.01 0.07 -0.28 -0.06 0.20 
  Wind Speed    0.29 0.04 0.13 -0.07 0.24 0.06 -0.18 
  Chemical                 
  NH4+   -0.26 -0.12 0.05 0.08 0.26 -0.10 -0.27 
  NOx   0.13 0.11 0.05 -0.27 -0.19 0.03 0.13 











Variables   Oxygen Concentrations 
Frequency 
of Hypoxia Hypoxic Season Phenology 
      Full Day Dawn Dusk   Start End Duration 
Semi-enclosed 
Coastal Lagoon                    
2002–2018                   
  Time   -0.45** -0.17 -0.26 0.06 -0.15 0.25 0.24 
  Biological                 
  NEM   0.12 -0.13 0.57*** 0.13 -0.13 -0.07 0.11 
  Pg   -0.50** -0.73*** 0.37* 0.63*** -0.36** 0.22 0.33* 
  |R|   -0.46** -0.76*** 0.36* 0.72*** -0.40** 0.31* 0.44** 
  Daily O2 Variability   -0.49** -0.69*** 0.36* 0.67*** -0.42** 0.33* 0.44** 
  Chlorophyll-a   -0.40 0.30 -0.25 0.02 0.04 -0.04 -0.07 
  Physical                 
  Temperature    -0.38* -0.24 -0.23 0.18 -0.10 0.03 0.05 
  Salinity   -0.48** -0.43** -0.24 0.36* -0.22 0.07 0.28 
  Wind Speed    0.39 0.21 -0.11 -0.22 0.23 0.03 -0.09 
  Chemical                 
  NH4+   0.26 -0.07 0.14 -0.02 0.04 0.08 -0.02 
  NOx   -0.09 -0.18 0.03 0.14 -0.39* 0.12 0.37* 







Net Ecosystem Metabolism and Primary Producer Biomass 
 Over the time series, summer daily ecosystem gross primary production and 
respiration exhibited strong trends across all estuary types (Figure 3.5).  In the tidal river 
we observed significant declines in both gross primary production (Tau=-0.47, p-
value=0.0079, Figure 3.5a) and absolute respiration rates (Tau=-0.44, p-value=0.0134, 
Figure 3.5d).  In contrast, the open basin gross primary production and absolute 
respiration rates significantly increased over time (Tau=0.59, p-value=0.0006, Figure 
3.5b and Tau=0.51, p-value=0.0033, Figure 3.5e).  In the coastal lagoon, the trends were 
again split with the first portion of the data set (2002–2011 ) showing decreasing primary 
production (Tau=-0.69, p-value=0.0047, Figure 3.5c) and decreasing absolute respiration 
(Tau=-0.73, p-value=0.0022, Figure 3.5f) and in the more recent years (2012–2018) 
increasing production (Tau=0.91, p-value=0.0028, Figure 3.5c) and increasing absolute 
respiration (Tau=0.91, p-value=0.0028, Figure 3.5f).  The trends in gross primary 
production and respiration were mostly balanced so that there were no clear trends in 
daily net ecosystem metabolism rates across the three estuary types (Figure 3.5g, 3.5h, 
3.5i).  The trends in ecosystem primary production and respiration corresponded to the 
trends daily summer variance in O2 concentrations (Figure B.4).  At all three estuary 
types gross primary production and respiration both had a high positive correlation to the 
diel O2 variance (Tau>0.62, p-value<0.0008 and Tau>0.51, p-value<0.0056, for gross 
primary production and respiration, respectively; Tables B.3, B.4, B.5).  In the tidal river 
there was a significant decline in the median daily O2 variance (Tau =-0.62, p-




concentrations got smaller over the time, which reflects the trend of decreasing gross 
primary production and respiration.  In contrast, in the open basin, where there were 
significant increases in ecosystem primary production and respiration, there was also an 
increase in the daily O2 variance (Tau=0.50, p-value=0.0045, Figure B.4b).  And in the 
coastal lagoon, the trend in daily O2 variance also matched the split trend found with the 
net ecosystem metabolism parameters: between 2002–2011 daily O2 variance declined 
(Tau=-0.47, p-value=0.0726) and between 2012–2018 the variance increased (Tau=0.81, 





Figure 3.5 Changes in net ecosystem metabolism, gross primary production, and respiration.  
Summer median gross primary production (Pg, plots a, b, c), and respiration (R, plots d, e, f), and net 
ecosystem metabolism (NEM, plots g, h, i), over time across three estuary types: tidal river (plots a, d, g), 
open basin (plots b, e, h), and semi-enclosed coastal lagoon (plots c, f, i).  Significant Kendall’s Tau 














 Given the strong trends over time in the rates of primary production and 
respiration, we expected to see similar trends in the available data sets of chlorophyll-a 
and macrophyte biomass.  While we did see an increasing trend in chlorophyll-a across 
all estuaries, it was only statistically significant in the tidal river (Tau=0.45, p=0.0602, 
Figure 3.6a, 3.6c, & 3.6e).  Macrophyte biomass data also did not clearly relate to the 
gross primary production and respiration trends.  In the tidal river, biomass did not differ 
significantly between the four survey years (p-value=0.2590, Figure 3.6b).  In the open 
basin the first survey year (2004) had biomass greater than 2007 (p-value=0.0450) and 
2016 (p-value=0.0850) but the 2011 biomass amount was not statistically different than 
the other 3 years (Figure 3.6d).  The trend in the coastal lagoon was flipped, where the 
first survey year (2004) had lower macrophyte biomass than 2007 (p-value=0.0130) and 







Figure 3.6 Water-column primary producer biomass over time across three estuary types.  
Tidal river (plots a, b), open basin (plots c, d), and semi-enclosed coastal lagoon (plots e, f).  Mean summer 
time chlorophyll-a concentrations are a proxy for phytoplankton biomass (NOAA 2019) and macrophyte 
biomass are from transect surveys conducted at the end of the growing season (i.e., October) (NOAA 
2018).  Data from 2004, 2007, 2011, 2016 are from the WBNERR surveys and 2016 also from MBL 





Correlations with Gross Primary Production 
 Due to the strong relationship between biological parameters and O2 
concentrations / hypoxic metrics in Waquoit Bay, we focused a final set of analyses on 
determining explanatory variables for gross primary production.  We chose to focus on 
gross primary production as it consistently was highly correlated to the O2 metrics and 
because it was also highly correlated to both respiration (Tau>0.76,  p-value<0.0001, for 
all estuaries) and the daily variance in O2 concentrations (Tau>0.62, p-value<0.001, for 
all estuaries) (Tables B.3, B.4, and B.5).  We used the following explanatory variables in 
our analyses, chlorophyll-a, temperature, salinity, wind speed, and nutrients (NH4+, NOx, 
PO43-).  For the tidal river and open basin, wind speed had the strongest correlation with 
gross primary production (Tau=0.50, p-value= 0.0284 and Tau=-0.39, p-value=0.0828, 
Table 3.4).  However, the sign of the correlation was opposite between the two estuaries.  
In the tidal river, lower wind was related to lower gross primary production, while in the 
open basin lower wind was associated with higher gross primary production.  Wind was 
not significantly correlated to gross primary production in the coastal lagoon, where 
salinity (Tau=0.31, p=0.0826) was the only variable to have a significant correlation.  
Salinity also had a strong relationship with gross primary production in the tidal river, but 






Table 3.4 Relationship between gross primary production (Pg) and explanatory variables across the 
three estuary types.   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and 
stars indicate three levels of significance: * (p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: 
NH4+ (ammonium), NOx (nitrate + nitrite), PO43- (phosphate). 
 
  Tidal River  Open Basin  Semi-enclosed Coastal Lagoon 
   2002–2018  2002–2018  2002–2018 2002–2011  2012–2018 
            
Explanatory Variables 
for Pg           
Chlorophyll-a -0.11 0.37 0.04 0.10 0.00 
Temperature -0.17 0.16 0.08 0.02 0.14 
Salinity -0.35* 0.13 0.31* 0.48* -0.05 
Wind 0.50** -0.39* -0.12 0.22 -0.08 
NH4+ 0.29 0.07 -0.27 0.00 -0.55 
NOx -0.11 -0.03 -0.07 0.30 -0.53 






Summary of O2 Trends 
 Dissolved O2 concentrations declined at each site, and as we hypothesized the 
trends differed by estuary type.  In the tidal river, where the hypoxic season is most 
intense, we found a large decline in dusk O2 concentrations, a higher frequency of 
hypoxia, and an earlier start to the hypoxic season.  In the open basin, we found strong 
trends of declining O2 at dawn, as well as increasing hypoxia across all metrics analyzed, 
except dusk O2 concentrations.  In contrast, O2 trends in the coastal lagoon were only 
moderately significant for full day O2 concentrations between 2012 and 2018.  However, 
we observed a clear shift in trends around 2011–2012, and over the most recent 7 years 
dawn O2 concentrations are declining and hypoxia frequency is increasing. 
Influence of Solubility Decline on O2 Trends  
 It is currently estimated that approximately 15% of the current global ocean O2 
loss is due to the reduced solubility of O2 under warming water temperatures (Helm et al. 
2011; Schmidtko et al. 2017).  Over the last seventeen years, Waquoit Bay temperatures 
have increased a total of 1.3–1.6 °C (p-value<0.10, Table B.1).  Similar to the global 
estimate, the relative contribution of decreased solubility due to this warming is 
approximately 18% (Table 3.2).  The influence solubility changes had on O2 trends 
differed across estuary type and was directly related to the magnitude of the rate of 
decline.  In the tidal river, where dusk O2 concentrations had the largest decline, we 
found that the decrease in solubility from warming accounted 5–11% of the total decline.  




concentrations were more modest, the contribution of decreased O2 solubility was greater 
(11–35% and 14–36%, for the open basin and coastal lagoon, respectively) (Table 3.2). 
Conceptual Models to Explain Summer Daily O2 Concentrations 
 Water-column O2 concentrations are generally controlled by: the balance between 
primary production and respiration, oxidation of reduced molecules, atmospheric 
exchange, solubility (as a function of salinity and temperature), and advective transport 
(e.g., (Fennel and Testa 2019), Figure B.5).  In shallow, productive estuaries, the 
dominant process controlling O2 is most frequently biological (e.g., D'Avanzo and 
Kremer 1994), especially in the summer.  Daytime photosynthesis drives O2 
concentrations up, often to levels above saturation, while nighttime respiration drives 
concentrations down, creating a diel sinusoidal pattern (Figure B.1 & B.2). 
 As hypothesized we observed strong relationships between dissolved O2 dynamics 
and rates of ecosystem gross primary production and respiration (Table 3.3) that varied 
across estuary type (Figure 3.2, Figure 3.5).  To illustrate how changes in gross primary 
production and respiration can explain the trends in diel O2, we created specific 
conceptual models for each estuary type (Figure 3.7) based on the data we analyzed here 
and recent modeling efforts reported in the literature (e.g., Fennel and Testa 2019).  In the 
tidal river, the decrease in dusk O2 concentrations is likely a result of the concurrent 
decrease in gross primary production leading to lower dissolved O2 reservoir in the 
water-column at the end of the day.  In turn, hypoxia occurs more rapidly.  Ecosystem 
respiration rates also declined in the tidal river (Figure 3.5d), but the early morning O2 




concentrations at dusk (Figure 3.2d).  This indicates that in the tidal river the effect of 
declining ecosystem gross primary production on bottom water O2 was stronger than the 
decrease in respiration at the diel scale (Figure 3.7a).  In the open basin, where rates of 
gross primary production and respiration increase over time (Figure 3.5b, 3.5e), we see 
long-term declines in dawn O2 concentrations but not dusk (Figure 3.2b, 3.2e).  Higher 
rates of ecosystem respiration drive nighttime concentrations of O2 lower, but are 
balanced by higher rates of ecosystem gross primary production during the day so that no 
change is observed in the end of day O2 concentrations (Figure 3.7b, Figure 3.2e).  In the 
semi-enclosed coastal lagoon, we observed significant (and opposing) trends in diel O2 
concentrations when the dataset was split into two time-frames.  Between 2002 and 2011, 
gross primary production declined (Figure 3.5c) and as a result evening O2 concentrations 
declined (Figure 3.2f).  This is similar to trends observed in the tidal river, however, the 
magnitude of dusk O2 decline was much less in the coastal lagoon, so that the concurrent 
small decline in ecosystem respiration was enough to also cause dawn O2 concentrations 
to increase slightly over this time period (Figure 3.7c, Figure 3.2c).  In the most recent 7 
years of the time series (2012–2018), the trends in gross primary production and 
respiration switch and begin to increase (Figure 3.5c, 3.5f).  Again, these trends are 
concurrent with trends in the diel O2 fluctuations over the same time period (Figure 3.2c, 
3.2f) where early morning O2 decline as a result of heightened nighttime respiration, 
which is balanced during the day by higher gross primary production so that no change is 
observed in dusk O2 similar to what was observed in the open basin (Figure 3.7b, Figure 





Figure 3.7 Conceptual model for changes observed in diel oxygen concentrations at the start (2002) 
and end (2018) of the time series for three estuary types 
Tidal river (plot a), open basin (plot b), semi-enclosed coastal lagoon (plots c & d).  In these diagrams 
oxygen concentrations are a function of gross primary production (Pg) and respiration (R).  Dawn refers to 
the time of day with the lowest oxygen concentrations (i.e., hours 4–8) and dusk refers to the time of day 
with the highest oxygen concentrations (i.e., hours 14–18).  The colored shading refers (approximately) to 





Conceptual Models to Explain Net Ecosystem Metabolism 
 Across all three estuary types, gross primary production and respiration had 
strong relationships to trends in dissolved O2.  In the tidal river and the open basin, these 
biological processes were both highly correlated to wind speed, however the relationships 
were opposite.  In the tidal river, the relationship was positive while in the open basin the 
relationship was negative (Table 3.4). Across the east coast of the United States, there are 
reports of declining winds (e.g., Blue Hill Observatory, Milton, Massachusetts (McVicar 
et al. 2012; Iacono and Azorin-Molina 2014) and Narragansett Bay, Rhode Island (Pilson 
2008; Nixon 2009)).  In Waquoit Bay, we also see significant declines on an annual basis 
(-0.028 m s-1 y-1, Tau=-0.79, p-value=0.0003), and as well as during the summertime (-
0.015 m s-1 y-1, Tau=-0.54, p-value=0.0175, Table B.1).  Based on the relationships we 
found in our analyses, the effect of decreasing wind speeds lowers ecosystem gross 
primary production and respiration in the tidal river, while in the open basin lower winds 
would increase those rates (Table 3.4).  Wind adds turbulent kinetic energy that can 
vertically mix water-columns.  In fact, the vertical mixing rate is proportional to the cube 
of wind speed and thus small changes in wind can have a profound effect on the water-
column (Niiler 1977; Husby and Nelson 1982; Nixon 2009).  We estimate a 44% decline 
in summer mixing potential in Waquoit Bay between 2002 and 2018.   
 The impact of this mixing potential decline differs among estuary type.  To help 
explain this we developed simple conceptual models using information on the specific 
hydrology and biology found at each of these distinct estuarine types (Figure 3.8).  The 




freshwater inflow rates from river discharge (8.6 * 106 L d-1, (Baevsky 1991; Geyer 
1997)) and groundwater  (107 L d-1, (Valiela et al. 1992; LaMontagne et al. 2003)), can 
result in a freshwater layer only several centimeters thick.  The freshwater coming into 
this tidal river has high concentrations of nutrients (Table B.8) primarily because of 
contamination from septic systems (Valiela et al. 1992; 2000; 2016).  Lower winds create 
a more vertically stratified, less mixed water-column, decreasing the extent to which the 
nutrient rich surface water is mixed throughout the water-column.  This will limit nutrient 
supply to the drift macroalgae which make up approximately 76% of total gross primary 
production (D'Avanzo et al. 1996), and we would therefore expect to see a decrease in 
gross primary production rates in the bottom water-column layer (Figure 3.8a).  In 
addition, summertime winds in Waquoit Bay are predominantly onshore (i.e., 
southwesterly), so lower wind speeds will allow for more horizontal advective flow and 
shorter water residence times in the tidal river (Geyer 1997).  This condition favors 
phytoplankton growth over macroalgae (Valiela et al. 1997b), and in the tidal river time 
series we observe a modest increase in chlorophyll-a concentrations (Figure 3.6a).  
Increased phytoplankton biomass may also contribute to the hypoxia starting earlier in 
the year, since at both the tidal river and the open basin higher chlorophyll-a 
concentrations were significantly correlated to an earlier season start (Table 3.3).  
However, we propose that the overall trends in ecosystem metabolism observed in the 
tidal river are most strongly effected by macroalgae (over phytoplankton) because they 
account for the majority (>75%) of gross primary production in the system (D'Avanzo et 




and they have much higher carbon metabolism rates as a result of high carbon to nitrogen 
ratios (10–16, (Peckol et al. 1994; D'Avanzo et al. 1996; Hauxwell et al. 1998)) relative 
to phytoplankton (6.6, (Redfield 1934)). 
In the open basin, the water-column is typically well-mixed with salinities around 
30 ppt from surface to the bottom.  Lower summertime winds in the open basin will 
result in less vertical mixing of the water-column as well as less advective horizontal 
movement towards the northern basin (Figure 3.8b).  We therefore expect the decrease in 
wind allows macroalgae to better maintain their positions in the water-column without 
getting horizontally transported out of the central basin.  Therefore, in the open basin we 
see the concurrent increase in gross primary production and respiration.  
 In the semi-enclosed coastal lagoon, we did not observe a significant relationship 
between wind and metabolic rates (Table 3.4).  The semi-enclosed coastal lagoon differs 
from the other two estuary types in its hydrology/geospatial location as well as in its 
biological structure and chemistry (Figure 3.1, Table 3.1).  Most notably there is a 
diversity of primary producers, with rooted eelgrass comprising between 20–50% of the 
total macrophyte biomass and nutrient loads are low and declining (Valiela et al. 2016).  
We observed a pronounced shift in gross primary production and respiration trends 
around 2011–2012, which was reflected in the O2 metrics, but at this point it is unclear 
what caused the shift.  Metabolic rates and salinity were correlated in the first portion of 
the dataset (2002–2011) (Tau=0.48, p-value=0.0583 and Tau=0.43, p-value=0.0867, for 
gross primary production and absolute respiration, respectively, Table 3.4 & Table B.6), 




In fact, no relationships were found for the metabolic rates in the more recent years 
(Table 3.4), potentially indicating a shift in the drivers or explanatory variables that were 
not included in our analysis.  The lack of significant relationships may also reflect, at 
least in part, the relatively low sample size available.  Given the limited significance and 
consistency of explanatory variables and the high year to year variability in macrophyte 
biomass, the metabolic shifts observed in the coastal lagoon remain difficult to explain 
(Figure 3.8c) but we offer two possible areas to explore further.  First, previous studies 
show that total macrophyte biomass increases with nutrient load, but the response of 
individual taxa varies (Fox et al. 2008).  For example, in Waquoit Bay, increasing N 
stimulates the growth of Cladophora spp. and Gracilaria spp., while other taxa tend to 
decrease (Fox et al. 2008).  In the semi-enclosed coastal lagoon, declining nutrient loads 
may be causing a shift in macrophyte type and taxa.  Since metabolism rates between 
macrophytes varies widely (Peckol and Rivers 1996), we would expect that changes in 
net ecosystem gross primary production and respiration would also follow.  Survey data 
from 2011 and 2016, does show certain macrophyte types increasing in abundance 
(Figure B.6), however the limited frequency of these data compared to the O2 
measurements makes comparisons difficult. Second, a warm water anomaly of 3–4 °C 
was documented in the coastal New England waters beginning in the winter of 2011 and 
extending through 2012 (Gawarkiewicz et al. 2012).  The first half of 2012 was the 
warmest on record (Friedland 2012), as a result of a northward shift in the gulf stream 
(Chen et al. 2014; 2015).  This extreme warming had several impacts on the marine 




2012) and the increased abundance in warm water species (e.g., Cobia & Grouper) not 
previously seen in New England waters (Gawarkiewicz et al. 2013).  Perhaps these 
regional temperature induced shifts in biological communities could change trophic 
dynamics and grazing rates in the coastal lagoon as has been observed in other estuarine 
systems (e.g., Cloern et al. 2007).  Previous studies have shown that in this low nutrient 
estuary, grazers can effectively control green macroalgae growth (Fox et al. 2012).  
Therefore, an increase in predatory species could cause a trophic cascade where less 
herbivores would allow for increased macroalgae growth.  At present we lack the 
auxiliary data to support this hypothesis, but the matched timing of the metabolism shift 
(and associated O2 metrics) in the semi-enclosed coastal lagoon and the shelf warming 







Figure 3.8 Conceptual model for ecosystem gross primary production and respiration at the start (2002) and end (2018) of time series.  
In the stratified tidal river (plot a), decreasing wind limits benthic-pelagic coupling and diminishes the vertical mixing of nutrient rich surface water 
through the water-column.  Deprived of nutrients, macroalgae growth decreases.  In addition, lower onshore winds in the summer, allows for more 
surface freshwater flushing and reduced residence times which favors phytoplankton growth over macroalgae.  In the open basin (plot b), lower winds 
allow macroalgae to maintain their vertical position in the water-column and not be pushed to the edges of the bay, thus enhancing growth.  At semi-
enclosed coastal lagoon (plot c), decreasing wind had no significant effect on gross primary production.  There was a pronounced shift in trends half 
way through the time series, and in the most recent years primary production is increasing.  We hypothesize a change in community structure or food 















Conclusions and the Larger Context 
 In his seminal 2009 paper, S.W. Nixon recalls the wisdom of ecologist H.T. 
Odum who emphasized the importance of using a ‘macroscope’ to have a broad view 
when investigating the problem of eutrophication (and associated hypoxia) (Nixon 2009).  
Here we used a time series of nearly continuous O2 data to illuminate how 
regional/climatic changes are impacting the fundamental ecology and metabolism of 
three distinct estuarine types.  We found that despite unchanged nutrient loads, O2 
concentrations declined and measures of hypoxia increased.  These O2 metrics were most 
clearly correlated to the metabolic rates of primary producers, which were in turn most 
clearly related to physical processes (i.e., wind), although relationship was not the same 
across the different estuary types.  In the tidal river, we found that decreasing wind 
speeds had the strongest correlation to lower metabolic rates, indicating a 
biophysiological response to diminished vertical mixing.  However, declining winds had 
the opposite effect on gross primary production in the open basin, where the water-
column is continually well-mixed, and wind had no significant effect on metabolic rates 
in the semi-enclosed coastal lagoon.  As we move forward in refining our understanding 
physical, biological, and chemical aspects of deoxygenation in coastal and estuarine 
waters, we are reminded to take a ‘macroscopic’ view to see that anthropogenic forcings 
are likely to have a varying response on ecosystem functioning and O2 dynamics based 
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Appendix A – Supplemental Information for Chapter 2 
 
Additional Data Sources 
Complete sediment characteristic and flux datasets from this study are published 
on figshare, where they may be viewed and downloaded. The sediment characteristic 
dataset includes sediment porosity, density, % carbon, % nitrogen and molar carbon to 
nitrogen ratios up to 4 cm at 1 cm sample increments. The flux datasets include net fluxes 
of nutrients and dissolved gases across the sediment-water interface under hypoxic and 
normoxic conditions. The flux data are the primary focus of our manuscript, and 
evaluation of these data informed our main conclusions. 
 
Sediment characteristic dataset:  https://doi.org/10.6084/m9.figshare.7371017.v1 
Hypoxic flux dataset:  https://doi.org/10.6084/m9.figshare.7371110.v1 








Table A.1 Water conditions in the field and in cores at the start of the incubation experiments for each sampling date. 
Sediments were collected from four stations (CRE (Childs River Estuary), MP (Metoxit Point), SB (South Basin), SLP (Sage Lot Pond)) during the 
summer and early fall on 7 dates between 2011–2013. Abbreviations are as follows: oxygen (O2), ammonium (NH4 +), nitrite + nitrate (NOx), nitrite 
(NO2-), silica (DSi), phosphate (PO43-), di-nitrogen gas (N2-N), nitrous oxide (N2O), and methane (CH4). The N2O concentrations and fluxes from 6-
Aug-2012 were 2-3 orders of magnitude greater than the other dates and are outliers in the N2O flux dataset and designated with a star (*). On 2 dates in 
2012 there was an issue with the instrument analysis of N2, therefore they are designated as having a measurement issue (m.i.) and were not able to be 







O2  (mg/L) NH4+ (µM) NOx (µM) NO2- (µM) DSi (µM) PO43- (µM) N2 (µM) N2O (nM) CH4 (nM)
Surface Bottom Surface Bottom
29-Jul-2011 CRE 22.0 26.1 28.1 28.6 5.99 ±0.02 n.m. n.m. n.m. n.m. n.m. 417.9 ±0.2 n.m. n.m.
SLP 24.4 24.6 29.7 29.9 7.55 ±0.25 n.m. n.m. n.m. n.m. n.m. 410.3 ±0.6 n.m. n.m.
 24 Aug 2011 MP 24.6 25.3 29.8 29.7 8.28 ±0.03 n.m. n.m. n.m. n.m. n.m. 409.1 ±0.2 n.m. n.m.
SB 23.9 24.8 30.5 31.3 8.54 ±0.03 n.m. n.m. n.m. n.m. n.m. 407.8 ±0.8 n.m. n.m.
SLP 22.9 23.4 28.5 28.9 7.26 ±0.07 n.m. n.m. n.m. n.m. n.m. 410.0 ±0.4 n.m. n.m.
11-Oct-2011 MP 19.0 21.0 29.0 30.0 8.16 ±0.09 n.m. n.m. n.m. n.m. n.m. 443.7 ±0.4 n.m. n.m.
SB 18.5 18.3 30.8 30.9 8.37 ±0.04 n.m. n.m. n.m. n.m. n.m. 440.0 ±0.8 n.m. n.m.
11-Jul-2012 CRE 22.2 27.9 3.5 29.7 5.18 ±0.03 11.3 ±1.6 <0.035 0.024 ±0.008 33.8 ±2.1 0.85 ±0.03 391.7 ±2.7 10.7 ±0.1 372 ±55
MP 27.2 25.9 30.6 31.3 7.06 ±0.03 11.5 ±1.8 <0.035 0.014 ±0.004 17.7 ±2.0 1.27 ±0.05 367.7 ±0.4 11.9 ±0.9 838 ±263
SB 28.1 27.9 30.8 30.6 6.69 ±0.10 8.5 ±0.8 <0.035 <0.006 8.2 ±0.2 0.86 ±0.05 380.2 ±0.4 9.8 ±1.0 70 ±3
6-Aug-2012 SLP 29.4 28.5 30.4 30.4 5.61 ±0.12 14.5 ±1.8 <0.035 0.039 ±0.007 22.3 ±0.6 0.75 ±0.16 m.i. 175* ±21.4 79 ±4
2-Oct-2012 MP 18.3 19.2 29.1 29.6 7.24 ±0.25 15.7 ±6.4 <0.035 <0.006 8.2 ±4.2 0.51 ±0.12 m.i. 7.9 ±0.9 148 ±40
SB 18.8 18.9 31.1 31.3 7.10 ±0.18 5.0 ±0.5 0.039 <0.006 7.4 ±0.1 0.82 ±0.08 m.i. 9.8 ±1.8 30 ±7
23-Sep-2013 CRE 22.6 22.6 27.2 27.3 6.51 ±0.09 2.8 ±0.3 <0.035 <0.006 14.8 ±0.4 0.03 ±0.01 445.3 ±0.2 10.5 ±0.5 380 ±84
MP 20.9 19.9 29.7 29.7 7.83 ±0.03 6.6 ±0.6 <0.035 <0.006 8.5 ±0.7 0.23 ±0.03 433.5 ±1.0 9.3 ±0.8 385 ±91
SLP 19.8 19.7 29.6 29.7 7.86 ±0.02 4.3 ±0.1 <0.035 <0.006 10.4 ±0.5 0.21 ±0.01 435.9 ±1.0 8.8 ±0.2 40 ±2
Initial Water Conditions - CoresField Water Conditions




Table A.2 Sediment surface characteristics.  
Sediment composition, porosity, percent carbon (%C) and nitrogen (%N), chlorophyll-a (Chl-a), and benthic invertebrate abundances across four 
stations in Waquoit Bay, East Falmouth, Massachusetts, USA: Childs River Estuary (CRE), Metoxit Point (MP), South Basin (SB), and Sage Lot Pond 
(SLP). Values represent the range measured or the mean (plus or minus the standard error). Surface sediment porosity, %C and %N are from 0–1cm. 
 
Station Sediment Characteristics 
 Silt + Clay1 Sand1 Density2 Porosity2 C2  N2 C:N2 Chl-a3  
Benthic Organism 
Abundance4 
   (%)  (%) (g/mL)   (%) (%)   (mg m-2) (individuals m-2) 
CRE 9–14 86–91 1.26 ± 0.07 0.76 ± 0.05 4.2 ± 0.9 0.42 ± 0.09 11.6 ± 0.6 90–120 3093 ± 441 
MP - - 1.03 ± 0.03 0.83 ± 0.03 6.6 ± 0.3 0.89 ± 0.06 8.8 ± 0.2 - - 
SB - - 1.45 ± 0.03 0.61 ± 0.01 1.0 ± 0.1 0.17 ± 0.04 8.2 ±1.0 - - 







Table A.3 Relationship between the time to hypoxia and water-column and sediment parameters for 
individual cores in our incubation experiments.  
Time to hypoxia is defined as the amount of time it took cores to reach oxygen concentrations below the 
hypoxic threshold of 3 mg L-1 (94 µM). Statistical results are for single variable linear regression models 
comparing time to hypoxia and each parameter. Kendall Rank Correlation (Kendall’s tau(τ)) was used to 
evaluate model strength. The corresponding probability (p) values for statistical significance are also shown 
for each model test. Bold font signifies a significant relationship (α=0.05). We ranked models with similar 





of Cores  
Evaluation of Bi-variate Models 
      Kendall τ p-value AIC Ranking 
Water-column           
Temperature  51 -0.42 <0.0001 360.3 1 
Intitial Oxygen Concentration  51 0.25 0.0119 376.8 3 
Sediment          
Density  51 0.34 0.0005 370.8 2 
Porosity  47 -0.03 0.7760   
Percent Carbon  29 -0.21 0.1066   
Percent Nitrogen  28 -0.24 0.0719   






Table A.4 Relationships between surface sediment characteristics.  
Statistical results are for single variable linear regression models comparing each sediment parameter 
measured to each other. Model strength was evaluated using Kendall Rank Correlation (Kendall’s Tau(τ)). 









Density Porosity -0.2017 0.0483 47 
Density %C -0.5224 <0.0001 29 
Density %N -0.5235 0.0001 28 
Porosity %C 0.5180 0.0002 27 
Porosity %N 0.4406 0.0018 26 






Table A.5 Relationships between surface sediment characteristics and biogeochemical flux rates at 
the sediment-water interface.  
Statistical results for single variable linear regression models comparing sediment parameters to each 
(normoxic) flux rate. Kendall’s Tau indicates model strength. Bold font signifies a significant relationship 




Normoxic Rate Kendall's Tau p-value n 
Density O2 Uptake -0.3512 0.0003 51 
Density NH4+ Flux -0.3797 0.0050 28 
Density DSi Flux -0.0932 0.4888 28 
Density PO43- Flux -0.3546 0.0118 26 
Density N2-N Flux 0.1171 0.3019 39 
Density N2O Flux 0.0221 0.8873 22 
Density CH4 Flux -0.3003 0.0323 26 
Porosity O2 Uptake 0.0075 0.9415 47 
Porosity NH4+ Flux 0.2240 0.1118 26 
Porosity DSi Flux 0.0093 0.9472 26 
Porosity PO43- Flux 0.1064 0.4709 24 
Porosity N2-N Flux 0.0996 0.4083 35 
Porosity N2O Flux 0.0860 0.6019 20 
Porosity CH4 Flux -0.0513 0.7279 24 
%N O2 Uptake 0.3479 0.0096 28 
%N NH4+ Flux 0.4269 0.0071 21 
%N DSi Flux 0.1435 0.3645 21 
%N PO43- Flux 0.2463 0.1415 19 
%N N2-N Flux 0.0525 0.7396 21 
%N N2O Flux 0.0268 0.8787 18 
%N CH4 Flux 0.3175 0.0513 20 
%C O2 Uptake 0.2956 0.0244 29 
%C NH4+ Flux 0.3198 0.0430 21 
%C DSi Flux -0.0095 0.9518 21 
%C PO43- Flux 0.2047 0.2208 19 
%C N2-N Flux 0.0694 0.6517 22 
%C N2O Flux -0.0600 0.7316 18 






Table A.6 Relationships between surface sediment characteristics and the hypoxic response of 
biogeochemical fluxes at the sediment-water interface.  
The hypoxic response is defined here as the difference between normoxic and hypoxic fluxes rates. 
Statistical results are for single variable linear regression models comparing sediment parameters to each 
(normoxic) flux rate. Kendall’s Tau indicates model strength. Bold font signifies a significant relationship 










Density O2 Uptake -0.2827 0.0036 51 
Density NH4+ Flux -0.2583 0.0551 28 
Density DSi Flux 0.0559 0.6779 28 
Density PO43- Flux -0.0684 0.6271 26 
Density N2-N Flux 0.1566 0.1816 36 
Density N2O Flux -0.1513 0.3830 18 
Density CH4 Flux 0.0464 0.7407 26 
Porosity O2 Uptake 0.0093 0.9269 47 
Porosity NH4+ Flux 0.2764 0.0494 26 
Porosity DSi Flux 0.2143 0.1277 26 
Porosity PO43- Flux 0.1207 0.4122 24 
Porosity N2-N Flux 0.1670 0.1830 32 
Porosity N2O Flux 0.3193 0.0865 16 
Porosity CH4 Flux 0.0293 0.8424 24 
%N O2 Uptake 0.3564 0.0081 28 
%N NH4+ Flux 0.2775 0.0796 21 
%N DSi Flux -0.0287 0.8561 21 
%N PO43- Flux 0.1361 0.4197 19 
%N N2-N Flux 0.2026 0.2403 18 
%N N2O Flux 0.1340 0.4879 15 
%N CH4 Flux 0.1164 0.4749 20 
%C O2 Uptake 0.2935 0.0256 29 
%C NH4+ Flux 0.2476 0.1164 21 
%C DSi Flux -0.1619 0.3046 21 
%C PO43- Flux 0.1534 0.3619 19 
%C N2-N Flux 0.2164 0.1955 19 
%C N2O Flux 0.1429 0.4579 15 






Table A.7 Summary of references for conceptual model (Figure 2.7) describing effects of hypoxia on key biogeochemical processes and net 
fluxes at the sediment-water interface.  
Full citations are in the main text.  
 
Conceptual Models  Hypoxic 
Effect  
Proposed Mechanism(s) and Notes References 
Nitrogen Cycling 
Dynamics  




Enhanced DNRA increase and nitrification decrease Caffrey & Kemp 1990, Kemp et al. 1990, An & Gardner 
2002, Gardner & McCarthy 2009, McCarthy et al. 2015 
  Diminished Adsoption coefficient (K*) increases with reducing 
conditions in marine sediments.  Total benthic metabolism 
may be diminshed under anoxia - increasing preservation of 
organic matter, slowing re-mineralization, and decreasing 
nutrient availabilty. 
Hansen & Blackburn 1991, Kristensen & Holmer 2001, 
Canfield et al. 2005, Morse & Morin 2005, Jessen et al. 
2017 
  No effect Nitrification (coupled to denitrification) can occur at very 
low oxygen concentrations, nitrifier affinity for oxygen 
increases at low concentrations, systems with repeated 
hypoxia exposure can promote nitrifier adaptations. DNRA 
could stimulate nitrifiers with ammonium source.   
Goreau et al. 1980, Hansen et al. 1981, Henriksen et al. 
1981, Bodelier et al. 1996,  Kester et al. 1997, Hietanen 
2007, Gardner et al. 2006, Carini et al. 2010, York et al. 
2010, Bristow et al. 2016, Zakem and Follows 2017 
Nitrous Oxide Flux (N2O) Enhanced Nitrifiers release more N2O by-product when oxygen 
availability is low.  DNRA could stimulate nitrifiers with 
increased ammonium. 
Goreau et al 1980, Jorgensen et al. 1984, Bange et al. 
1996, Kester et al. 1997, Naqvi et al. 2000, Gardner et 
al. 2006, Silvennoienen et al. 2008, Naqvi et al. 2010, 
Stein 2011, Kozlowski et al. 2016 
Denitrification (N2) Enhanced   McCarthy et al. 2015  
  Diminished Nitrification (coupled to denitrification) inhibited by lower 
oxygen availability, sulfidic conditions favor DNRA over 
denitrification for nitrate reduction  
Kemp et al. 1990, Tuominen et al. 1998, An & Gardner 
2002, Childs et al. 2002, Kemp et al 2005, Gardner & 
McCarthy 2009 
  No effect Nitrification (coupled to denitrification) can occur at very 
low oxygen concentrations, nitrifier affinity for oxygen 
increases at low concentrations, systems with repeated 
hypoxia exposure can promote nitrifier adaptations  
Goreau et al. 1980, Hansen et al. 1981, Henriksen et al. 
1981, Bodelier et al. 1996,  Kester et al. 1997, Hietanen 






Table A.7 Continued 
 
Conceptual Models  Hypoxic Effect  Proposed Mechanism(s) and Notes References 
Phosphorous Dynamics        
Phosphate Flux (PO43-)  Enhanced Under oxic conditions, metal oxyhydroxides produce a zone 
at surface of sediments with high adsorbing capacity.  
Under low oxygen conditions, phosphate released from 
metal oxides reaction with sulfides and microbial 
respiration. 
Mortimer 1942, Davison & Seed 1983, Millero et al. 
1987, Sundby et al. 1992, Griffioen 1994, Jensen et al. 
1995, Cowan & Boynton 1996, Anschutz et al. 1998, 
Conley et al. 2007, Slomp & Van Cappellen 2007 
Carbon Dynamics       
Organic Matter Re-
mineralization 
Diminished Decomposition is more effective with oxygen and microbial 
growth yield is greater under aerobic conditions.  
Diminished benthic metabolism increases preservation of 
organic matter, slows re-mineralization, and decreases 
nutrient availability. 
Hansen & Blackburn 1991, Kristensen & Holmer 2001, 
Canfield et al. 2005, Jessen et al. 2017 
Methane Flux (CH4)  Enhanced Methanogenesis rates enhanced by low oxygen conditions. 
Methanogenesis move vertically towards sediment surface 
as other electron acceptors used up. 
Damgaard et al. 1998 
  No effect / 
Diminished 
Anaerobic oxidation of methane stimulated by sulfate 
reducers and ammonium oxidizing nitrifiers. 
Hyman & Wood 1983, Jones & Morita 1983, Canfield 
et al. 2005 
Silicon Dynamics 
      
Silica Flux (DSi)  Enhanced   Villnas et al. 2012, Lehtimaki et al 2016 
  Diminished Decrease in in-fauna activity (which has a positive 
relationship to sediment silica flux).  Decrease in overall 
benthic metabolism and re-mineralization.  Silica fluxes 
correlated to sediment oxygen uptake and to nutrient fluxes 
- suggesting Silica connected to sediment respiration and 
remineralization rates.   
Aller 1980, Aller 1981, Aller & Yingst 1985, Hansen & 
Blackburn 1991, Marinelli 1992, Kristensen & Holmer 
2001, Canfield et al. 2005, Bartoli et al 2009, Raimonet 






Table A.7 Continued 
 
Conceptual Models  Hypoxic Effect  Proposed Mechanism(s) and Notes References 
Waquoit Bay Conditions 
      
Nitrogen Cycling 
Parameters 
  Rates for sediment net denitrification (N2 fluxes), 
ammonium flux, N2O flux, under normoxic conditions 
Foster & Fulweiler 2014, Foster & Fulweiler 2016 
    Rates for DNRA, denitrification, N fixation, anammox Newell et al. 2016 
    Proportion of ammonium processed through nitrification-
denitrification 
York et al. 210 
    Low water-column nitrate concentrations LaMontagne et al. 2003, NOAA 
Phosphate Cycling 
Parameters 
  Phosphate flux rates under normoxic conditions Foster & Fulweiler 2016 
    Iron oxides at the groundwater-estuary interface have a 
substantial impact on phosphorous geochemistry.   







Table A.8 Final nutrient ratios under normoxic and hypoxic conditions.  
Ratios are based on the final molar nutrient concentrations measured at the end of the core incubations for 
dissolved nitrogen (N), phosphorus (P), and silica (Si), using the median plus or minus the median absolute 
deviation. The difference represents the percent that the hypoxic median varies from the normoxic.p-values 
on plots are from non-parametric tests of difference between normoxic and hypoxic flux rates for the 
statistically distinct station groups. Bold font signifies a significant relationship (α=0.05). 
 
 
Ratio Final Concentrations Difference Wilcoxon/Kruskal-Wallis 
  Normoxic Hypoxic   p-value 
N:P 34.6 ± 15.8 17.5 ± 5.8 49% (Lower) 0.0008 
Si:P 49.6 ± 25.8 25.4 ± 14.4 49% (Lower) 0.0035 










Figure A.1 Sediment characteristics in Waquoit Bay.  
Surface sediment (a) density, (b) porosity, (c) percent carbon, (d) percent nitrogen, and (e) carbon to 
nitrogen molar ratio, across the four sampling stations (Childs River Estuary (CRE), Metoxit Point (MP), 
South Basin (SB) and Sage Lot Pond (SLP)). Solid bars represent station means minus from samples 
collected over 0–1cm and lines represent the standard error. Letters above the bars denote significant 





























































































Appendix B – Supplemental Information for Chapter 3 
 
Description of the Waquoit Bay National Estuarine Research Reserve (WBNERR) 
and the System-Wide Monitoring Program (SWMP) 
 
 The Waquoit Bay National Estuarine Research Reserve (WBNERR) is located on 
the southern coast of Cape Cod, in East Falmouth, Massachusetts (USA) (Figure 3.1).  
Waquoit Bay is similar to the numerous shallow, tidal estuaries that occur along the east 
coast of the United States.  The mean water depth is 1.8m (maximum depth 3 m) 
(D'Avanzo and Kremer 1994), and the tidal range is approximately 0.4–0.8 m (Geyer 
1997; Caffrey 2004; Maio et al. 2016).  Freshwater inflow comes from two small rivers, 
the Childs and Quashnet Rivers (average discharge rates 0.86 * 107 and 3.5 L d-1, 
respectively, (Baevsky 1991; Geyer 1997)), and groundwater (~107 L d-1, (Valiela et al. 
1992; LaMontagne et al. 2003)).  The water body surface area of the entire Waquoit Bay 
estuarine system is 6 km2 (D'Avanzo and Kremer 1994) with the open basins making up 
approximately 60% of that area (3.7 km2 (Maio et al. 2016)).  To the south barrier 
beaches separate Waquoit Bay waters from Vineyard Sound and there are two narrow 
(~100 m and ~25 m) inlets reinforced with granite jetties that allow for boat passage and 
water exchange.  
 Over the past century changes in watershed land use have doubled the rate of 
land-derived reactive N loading to Waquoit Bay, predominantly from septic derived 
wastewater (Bowen and Valiela 2001; Valiela et al. 2016). As a result, the bay has seen 
dramatic ecological changes.  Perhaps most notable is the proliferation of macroalgae 




macroalgae mats contribute to large diel fluctuations of dissolved O2 conditions 
(D'Avanzo and Kremer 1994).  Importantly, however, over the time period of our study, 
N loading has remained relatively constant (Valiela et al. 2016). 
 Waquoit Bay contains (at least) three distinct estuarine environments including 
tidal rivers, open basins, and semi-enclosed lagoons.  For each of these specific 
environments there is a corresponding SWMP monitoring station.  Permanent SWMP 
stations are chosen to represent, as much as possible, of the overall estuary and the 
diversity of environments that exist in Waquoit Bay.   
 
Macrophyte survey stations 
 Macrophyte biomass data for the 2004, 2007, 2011 (WBNERR) and 2016 
(WBNERR & MBL) surveys were obtained through an email request to WBNERR staff 
(NOAA 2018).  We used data from transect stations that were located in the sub-estuaries 
where the SWMP water quality sondes were deployed.  For the tidal river, we used all 
macrophyte stations in the main lower stem of the Childs River between the confluence 
with the Seapit River (southern border) and the Route 28 culvert (northern border) (Plot 
IDs: 156–159, 160–167 (n=12, for 2004, 2007, 2011 surveys) and C1–C9 (n=9, for 2016 
survey)).  For the open basin we used macrophyte transect sections designated Waquoit 
Bay-Central (WB-C, Plot IDs: 5–6, 31–51, 71–73, 192–194, 200–202 (n=32, for 2004, 
2007, 2011 surveys) and 5–6, 35–36, 38, 40, 43, 44, 46, 52, 59, 72, 193 (n=13, for 2016 
survey)).  Macrophyte transect stations for the semi-enclosed coastal lagoon were all 
within main open water basin of the estuary (Plot IDs: 195–199 (n=5, 2004, 2007, 2011 




Additional Data Management & Quality Assurance Information 
 To determine the frequency of hypoxic conditions for each year, we followed the 
same dataset processing steps as described in methods section 2.3 (i.e., qaqc, time step set 
to 30 min) and we also aggregated the data by hours (average of 2, 30 min data entries) in 
an effort to smooth out any remaining erroneous single points while maintaining the high 







Table B.1 Rates of change over time for oxygen/hypoxic metrics and biological, physical, and chemical variables across three estuaries.   
Bold font indicates significant correlations with time, and slopes (i.e., rates of change) that are significantly different from zero (p<0.1).  Note that years 
excluded are due to data sets missing a substantial portion of data. Abbreviation definitions: NEM (net ecosystem metabolism), Pg (gross primary 




Time Series Parameter Time Series 
Range












Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 none 17 17 -0.26 0.1580 132 -0.06 -0.10 -0.02 mg O2 y
-1
Dawn 2002-2018 none 17 17 -0.16 0.3836 28 -0.01 -0.06 0.00 mg O2 y
-1
Dusk 2002-2018 none 17 17 -0.45 0.0118 258 -0.13 -0.16 -0.08 mg O2 y
-1
          Frequency of Hypoxia
2002-2018 none 17 17 0.50 0.0045 -856 0.43 0.31 0.53 % of observations y-1
2002-2018 2002, 2014 & 2007, 2013 17 13 0.46 0.0305 -593 0.30 0.22 0.39 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.39 0.0285 2330 -1.08 -1.96 -0.50 days y-1
Start 2002-2018 2002, 2014 17 15 -0.46 0.0174 3293 -1.56 -2.36 -0.83 days y-1
End 2002-2018 none 17 17 0.15 0.3866 -1014 0.65 -0.04 1.49 days y-1
End 2002-2018 2007, 2013 17 15 0.13 0.4879 -182 0.23 -0.35 1.15 days y-1
Duration 2002-2018 none 17 17 0.24 0.2049 -3961 2.04 1.01 3.15 days y-1
Duration 2002-2018 2002, 2014 & 2007, 2013 17 13 0.31 0.1635 -5765 2.92 0.64 3.67 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 0.26 0.1513 -20 0.01 0.00 0.02 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 -0.47 0.0079 417 -0.20 -0.34 -0.15 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 -0.44 0.0134 389 -0.19 -0.33 -0.14 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 -0.62 0.0003 215 -0.11 -0.14 -0.08 mg O2 y
-1
          Chlorophyll a 2002-2017 2009, 2010, 2011, 2014, 
2015
16 11 0.45 0.0602 -2338 1.18 0.64 1.55 µg L-1 y-1
           Temperature
Full Day 2002-2018 none 17 17 0.29 0.1156 -112 0.07 0.03 0.08  y-1
Full Day 2002-2018 2013 17 16 0.33 0.0776 -125 0.08 0.06 0.11   y-1
Dawn 2002-2018 none 17 17 0.26 0.1483 -110 0.07 0.03 0.08  y-1
Dawn 2002-2018 2013 17 16 0.31 0.0947 -109 0.07 0.04 0.09   y-1
Dusk 2002-2018 none 17 17 0.28 0.1169 -120 0.07 0.02 0.10  y-1
Dusk 2002-2018 2013 17 16 0.33 0.0788 -125 0.08 0.03 0.10   y-1
           Salinity 2002-2018 none 17 17 0.33 0.0690 -139 0.08 0.04 0.14 ppt y-1
           Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011, 2013 16 13 -0.31 0.1635 336 -0.17 -0.21 -0.08 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2002, 2009, 2010, 2011, 
2014, 2015, 2016
16 10 0.72 0.0059 -1036 0.52 0.30 0.67 µmol NOx L
-1 y-1
Phosphate 2002-2017 2009, 2010, 2011 16 13 -0.05 0.8577 41 -0.02 -0.03 0.01 µmol PO4
3- L-1 y-1
Open Basin
Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 2016 17 16 -0.52 0.0063 81 -0.04 -0.07 -0.03 mg O2 y
-1
Dawn 2002-2018 2016 17 16 -0.46 0.0142 124 -0.06 -0.10 -0.05 mg O2 y
-1
Dusk 2002-2018 2016 17 16 -0.01 0.9637 9 0.00 -0.03 0.02 mg O2 y
-1
          Frequency of Hypoxia 2002-2018 none 17 17 0.53 0.0025 -364 0.18 0.14 0.21 % of observations y-1
2002-2018 2014 17 16 0.47 0.0115 -301 0.15 0.12 0.21 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.45 0.0126 3663 -1.75 -2.34 -1.09 days y-1
End 2002-2018 none 17 17 0.45 0.0117 -1692 0.98 0.70 1.42 days y-1
End 2002-2018 2002 17 16 0.38 0.0420 -1293 0.78 0.34 1.17 days y-1
Duration 2002-2018 none 17 17 0.52 0.0039 -4713 2.40 1.93 3.45 days y-1
Duration 2002-2018 2002 17 16 0.45 0.0148 -4110 2.10 1.63 2.93 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 0.15 0.4397 -22 0.01 -0.002 0.023 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 0.59 0.0006 -347 0.18 0.14 0.23 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 0.51 0.0033 -426 0.22 0.16 0.28 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 0.50 0.0045 -158 0.08 0.05 0.13 mg O2 y
-1
          Chlorophyll a 2002-2017 2004, 2009, 2010, 2011, 
2014, 2015, 2017
16 9 0.39 0.1802 -456 0.23 0.11 0.27 µg L-1 y-1
          Temperature
Full Day 2002-2018 none 17 17 0.34 0.0577 -162 0.09 0.05 0.12   y-1
Full Day 2002-2018 2018 17 16 0.25 0.1759 -110 0.07 0.03 0.09  y-1
Dawn 2002-2018 none 17 17 0.36 0.0430 -165 0.09 0.05 0.12   y-1
Dawn 2002-2018 2018 17 16 0.28 0.1362 -132 0.08 0.03 0.10  y-1
Dusk 2002-2018 none 17 17 0.31 0.0826 -146 0.09 0.04 0.11   y-1
Dusk 2002-2018 2018 17 16 0.22 0.2399 -92 0.06 0.01 0.09  y-1
           Salinity 2002-2018 none 17 17 0.16 0.3858 -86 0.06 0.01 0.10 ppt y-1
          Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011 16 14 -0.01 1.0000 7 -0.003 -0.06 0.05 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2010, 2011, 2016, 2017 16 12 -0.11 0.6304 8 0.00 -0.02 0.11 µmol NOx L
-1 y-1












Time Series Parameter Time Series 
Range












Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 none 17 17 -0.26 0.1580 132 -0.06 -0.10 -0.02 mg O2 y
-1
Dawn 2002-2018 none 17 17 -0.16 0.3836 28 -0.01 -0.06 0.00 mg O2 y
-1
Dusk 2002-2018 none 17 17 -0.45 0.0118 258 -0.13 -0.16 -0.08 mg O2 y
-1
          Frequency of Hypoxia
2002-2018 none 17 17 0.50 0.0045 -856 0.43 0.31 0.53 % of observations y-1
2002-2018 2002, 2014 & 2007, 2013 17 13 0.46 0.0305 -593 0.30 0.22 0.39 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.39 0.0285 2330 -1.08 -1.96 -0.50 days y-1
Start 2002-2018 2002, 2014 17 15 -0.46 0.0174 3293 -1.56 -2.36 -0.83 days y-1
End 2002-2018 none 17 17 0.15 0.3866 -1014 0.65 -0.04 1.49 days y-1
End 2002-2018 2007, 2013 17 15 0.13 0.4879 -182 0.23 -0.35 1.15 days y-1
Duration 2002-2018 none 17 17 0.24 0.2049 -3961 2.04 1.01 3.15 days y-1
Duration 2002-2018 2002, 2014 & 2007, 2013 17 13 0.31 0.1635 -5765 2.92 0.64 3.67 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 0.26 0.1513 -20 0.01 0.00 0.02 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 -0.47 0.0079 417 -0.20 -0.34 -0.15 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 -0.44 0.0134 389 -0.19 -0.33 -0.14 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 -0.62 0.0003 215 -0.11 -0.14 -0.08 mg O2 y
-1
          Chlorophyll a 2002-2017 2009, 2010, 2011, 2014, 
2015
16 11 0.45 0.0602 -2338 1.18 0.64 1.55 µg L-1 y-1
           Temperature
Full Day 2002-2018 none 17 17 0.29 0.1156 -112 0.07 0.03 0.08  y-1
Full Day 2002-2018 2013 17 16 0.33 0.0776 -125 0.08 0.06 0.11   y-1
Dawn 2002-2018 none 17 17 0.26 0.1483 -110 0.07 0.03 0.08  y-1
Dawn 2002-2018 2013 17 16 0.31 0.0947 -109 0.07 0.04 0.09   y-1
Dusk 2002-2018 none 17 17 0.28 0.1169 -120 0.07 0.02 0.10  y-1
Dusk 2002-2018 2013 17 16 0.33 0.0788 -125 0.08 0.03 0.10   y-1
           Salinity 2002-2018 none 17 17 0.33 0.0690 -139 0.08 0.04 0.14 ppt y-1
           Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011, 2013 16 13 -0.31 0.1635 336 -0.17 -0.21 -0.08 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2002, 2009, 2010, 2011, 
2014, 2015, 2016
16 10 0.72 0.0059 -1036 0.52 0.30 0.67 µmol NOx L
-1 y-1
Phosphate 2002-2017 2009, 2010, 2011 16 13 -0.05 0.8577 41 -0.02 -0.03 0.01 µmol PO4
3- L-1 y-1
Open Basin
Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 2016 17 16 -0.52 0.0063 81 -0.04 -0.07 -0.03 mg O2 y
-1
Dawn 2002-2018 2016 17 16 -0.46 0.0142 124 -0.06 -0.10 -0.05 mg O2 y
-1
Dusk 2002-2018 2016 17 16 -0.01 0.9637 9 0.00 -0.03 0.02 mg O2 y
-1
          Frequency of Hypoxia 2002-2018 none 17 17 0.53 0.0025 -364 0.18 0.14 0.21 % of observations y-1
2002-2018 2014 17 16 0.47 0.0115 -301 0.15 0.12 0.21 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.45 0.0126 3663 -1.75 -2.34 -1.09 days y-1
End 2002-2018 none 17 17 0.45 0.0117 -1692 0.98 0.70 1.42 days y-1
End 2002-2018 2002 17 16 0.38 0.0420 -1293 0.78 0.34 1.17 days y-1
Duration 2002-2018 none 17 17 0.52 0.0039 -4713 2.40 1.93 3.45 days y-1
Duration 2002-2018 2002 17 16 0.45 0.0148 -4110 2.10 1.63 2.93 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 0.15 0.4397 -22 0.01 -0.002 0.023 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 0.59 0.0006 -347 0.18 0.14 0.23 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 0.51 0.0033 -426 0.22 0.16 0.28 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 0.50 0.0045 -158 0.08 0.05 0.13 mg O2 y
-1
          Chlorophyll a 2002-2017 2004, 2009, 2010, 2011, 
2014, 2015, 2017
16 9 0.39 0.1802 -456 0.23 0.11 0.27 µg L-1 y-1
          Temperature
Full Day 2002-2018 none 17 17 0.34 0.0577 -162 0.09 0.05 0.12   y-1
Full Day 2002-2018 2018 17 16 0.25 0.1759 -110 0.07 0.03 0.09  y-1
Dawn 2002-2018 none 17 17 0.36 0.0430 -165 0.09 0.05 0.12   y-1
Dawn 2002-2018 2018 17 16 0.28 0.1362 -132 0.08 0.03 0.10  y-1
Dusk 2002-2018 none 17 17 0.31 0.0826 -146 0.09 0.04 0.11   y-1
Dusk 2002-2018 2018 17 16 0.22 0.2399 -92 0.06 0.01 0.09  y-1
           Salinity 2002-2018 none 17 17 0.16 0.3858 -86 0.06 0.01 0.10 ppt y-1
          Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011 16 14 -0.01 1.0000 7 -0.003 -0.06 0.05 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2010, 2011, 2016, 2017 16 12 -0.11 0.6304 8 0.00 -0.02 0.11 µmol NOx L
-1 y-1














Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 none 17 17 0.40 0.0306 69 -0.03 -0.05 -0.02 mg O2 y
-1
Full Day 2002-2018 2003, 2004, 2013, 2015 17 13 -0.45 0.0366 107 -0.05 -0.06 -0.03 mg O2 y
-1
Full Day 2002-2018 2003, 2004, 2013, 2015, 
2006*
17 12 -0.41 0.0719 74 -0.03 -0.05 -0.02 mg O2 y
-1
Full Day 2002-2011 2003, 2004 10 8 0.22 0.4509 -52 0.03 -0.15 0.04 mg O2 y
-1
Full Day 2002-2011 2003, 2004, 2006* 10 7 0.45 0.1666 -60 0.03 0.02 0.05 mg O2 y
-1
Full Day 2012-2018 2013, 2015 7 5 -0.53 0.2065 107 -0.05 -0.09 0.02 mg O2 y
-1
Dawn 2002-2018 2003, 2004, 2013, 2015 17 13 -0.17 0.4228 96 -0.05 -0.10 0.00 mg O2 y
-1
Dawn 2002-2011 2003, 2004 10 8 0.55 0.0615 -196 0.10 -0.05 0.13 mg O2 y
-1
Dawn 2002-2011 2003, 2004, 2006* 10 7 0.88 0.0062 -196 0.10 0.08 0.16 mg O2 y
-1
Dawn 2012-2018 2013, 2015 7 5 -0.80 0.0833 307 -0.15 -0.21 -0.10 mg O2 y
-1
Dusk 2002-2018 2003, 2004, 2013, 2015 17 13 -0.26 0.2189 135 -0.06 -0.09 -0.01 mg O2 y
-1
Dusk 2002-2011 2003, 2004 10 8 -0.55 0.0615 269 -0.13 -0.20 -0.04 mg O2 y
-1
Dusk 2012-2018 2013, 2015 7 8 0.74 0.0770 -293 0.15 0.10 0.35 mg O2 y
-1
          Frequency of Hypoxia
2002-2018 none 17 17 0.06 0.7765 4 0.00 -0.08 0.08 % of observations y-1
2002-2011 none 10 10 -0.51 0.0466 343 -0.17 -0.32 -0.09 % of observations y-1
2012-2018 none 7 7 0.62 0.0691 -745 0.37 0.31 0.60 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.15 0.4092 3047 -1.41 -2.23 0.07 days y-1
Start 2002-2011 none 10 10 0.38 0.1557 -6339 3.26 0.67 4.19 days y-1
Start 2012-2018 none 7 7 -0.33 0.3813 13275 -6.50 -11.42 -0.75 days y-1
End 2002-2018 none 17 17 0.25 0.1606 -2794 1.50 0.68 2.42 days y-1
End 2002-2011 none 10 10 -0.31 0.2087 3931 -1.85 -3.88 0.27 days y-1
End 2012-2018 none 7 7 0.24 0.5619 -2518 1.38 -4.38 4.27 days y-1
Duration 2002-2018 none 17 17 0.24 0.1867 -3324 1.67 0.11 4.34 days y-1
Duration 2002-2011 none 10 10 -0.47 0.0726 8457 -4.20 -6.50 -2.13 days y-1
Duration 2012-2018 none 7 7 0.29 0.3621 -14521 7.25 -2.48 14.80 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 -0.24 0.2049 22 -0.01 -0.013 -0.004 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.42 0.1083 38 -0.02 -0.033 -0.004 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.24 0.5619 -68 0.03 0.001 0.058 g O2 m
-2 d-1 y-1
2012-2018 2018 7 6 0.73 0.0556 -117 0.06 0.040 0.075 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 -0.04 0.8393 543 -0.26 -0.35 0.11 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.69 0.0047 955 -0.47 -0.64 -0.29 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.90 0.0028 -2521 1.26 1.07 1.45 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 -0.01 0.9677 389 -0.19 -0.25 0.12 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.73 0.0022 863 -0.42 -0.60 -0.33 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.90 0.0028 -2139 1.07 0.89 1.18 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 0.10 0.5976 -2 0.00 -0.04 0.10 mg O2 y
-1
2002-2011 none 10 10 -0.47 0.0726 318 -0.16 -0.20 -0.08 mg O2 y
-1
2012-2018 none 7 7 0.81 0.0107 -937 0.47 0.43 0.56 mg O2 y
-1
          Chlorophyll a 2002-2017 2009, 2010, 2011, 2014, 
2015
16 11 0.35 0.1646 -542 0.27 -0.15 0.48 µg L-1 y-1
          Temperature
Full Day 2002-2018 2013 17 16 0.32 0.0865 -134 0.08 0.04 0.09   y-1
Dawn 2002-2018 2013 17 16 0.35 0.0581 -124 0.07 0.04 0.10   y-1
Dusk 2002-2018 2013 17 16 0.29 0.1240 -91 0.06 0.02 0.07  y-1
           Salinity 2002-2018 none 17 17 0.08 0.6496 -151 0.09 -0.01 0.14 ppt y-1
2002-2011 none 10 10 -0.36 0.1508 150 -0.06 -0.20 0.05 ppt y-1
2012-2018 none 7 7 0.05 1.0000 -297 0.16 -0.20 0.40 ppt y-1
          Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011 16 14 -0.23 0.2792 194 -0.10 -0.13 0.05 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2010, 2011, 2016 16 13 -0.01 0.9510 -1 0.00 -0.01 0.13 µmol NOx L
-1 y-1
Phosphate 2002-2017 2009, 2010, 2011 16 13 -0.03 0.9524 9 0.00 -0.02 0.03 µmol PO4
3- L-1 y-1
Weather Station 
          Wind Speed
Annual 2004-2018 2002, 2004, 2007, 2015 15 13 -0.79 0.0003 58 -0.028 -0.033 -0.025 m s-1 y-1










Oxygen & Hypoxia Metrics
          Summer Oxygen Concentration Change
Full Day 2002-2018 none 17 17 0.40 0.0306 69 -0.03 -0.05 -0.02 mg O2 y
-1
Full Day 2002-2018 2003, 2004, 2013, 2015 17 13 -0.45 0.0366 107 -0.05 -0.06 -0.03 mg O2 y
-1
Full Day 2002-2018 2003, 2004, 2013, 2015, 
2006*
17 12 -0.41 0.0719 74 -0.03 -0.05 -0.02 mg O2 y
-1
Full Day 2002-2011 2003, 2004 10 8 0.22 0.4509 -52 0.03 -0.15 0.04 mg O2 y
-1
Full Day 2002-2011 2003, 2004, 2006* 10 7 0.45 0.1666 -60 0.03 0.02 0.05 mg O2 y
-1
Full Day 2012-2018 2013, 2015 7 5 -0.53 0.2065 107 -0.05 -0.09 0.02 mg O2 y
-1
Dawn 2002-2018 2003, 2004, 2013, 2015 17 13 -0.17 0.4228 96 -0.05 -0.10 0.00 mg O2 y
-1
Dawn 2002-2011 2003, 2004 10 8 0.55 0.0615 -196 0.10 -0.05 0.13 mg O2 y
-1
Dawn 2002-2011 2003, 2004, 2006* 10 7 0.88 0.0062 -196 0.10 0.08 0.16 mg O2 y
-1
Dawn 2012-2018 2013, 2015 7 5 -0.80 0.0833 307 -0.15 -0.21 -0.10 mg O2 y
-1
Dusk 2002-2018 2003, 2004, 2013, 2015 17 13 -0.26 0.2189 135 -0.06 -0.09 -0.01 mg O2 y
-1
Dusk 2002-2011 2003, 2004 10 8 -0.55 0.0615 269 -0.13 -0.20 -0.04 mg O2 y
-1
Dusk 2012-2018 2013, 2015 7 8 0.74 0.0770 -293 0.15 0.10 0.35 mg O2 y
-1
          Frequency of Hypoxia
2002-2018 none 17 17 0.06 0.7765 4 0.00 -0.08 0.08 % of observations y-1
2002-2011 none 10 10 -0.51 0.0466 343 -0.17 -0.32 -0.09 % of observations y-1
2012-2018 none 7 7 0.62 0.0691 -745 0.37 0.31 0.60 % of observations y-1
          Phenological Changes to Hypoxic Season 
Start 2002-2018 none 17 17 -0.15 0.4092 3047 -1.41 -2.23 0.07 days y-1
Start 2002-2011 none 10 10 0.38 0.1557 -6339 3.26 0.67 4.19 days y-1
Start 2012-2018 none 7 7 -0.33 0.3813 13275 -6.50 -11.42 -0.75 days y-1
End 2002-2018 none 17 17 0.25 0.1606 -2794 1.50 0.68 2.42 days y-1
End 2002-2011 none 10 10 -0.31 0.2087 3931 -1.85 -3.88 0.27 days y-1
End 2012-2018 none 7 7 0.24 0.5619 -2518 1.38 -4.38 4.27 days y-1
Duration 2002-2018 none 17 17 0.24 0.1867 -3324 1.67 0.11 4.34 days y-1
Duration 2002-2011 none 10 10 -0.47 0.0726 8457 -4.20 -6.50 -2.13 days y-1
Duration 2012-2018 none 7 7 0.29 0.3621 -14521 7.25 -2.48 14.80 days y-1
Biological, Physical, & Chemical Variables
          Ecosystem Metabolism
NEM 2002-2018 none 17 17 -0.24 0.2049 22 -0.01 -0.013 -0.004 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.42 0.1083 38 -0.02 -0.033 -0.004 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.24 0.5619 -68 0.03 0.001 0.058 g O2 m
-2 d-1 y-1
2012-2018 2018 7 6 0.73 0.0556 -117 0.06 0.040 0.075 g O2 m
-2 d-1 y-1
P g 2002-2018 none 17 17 -0.04 0.8393 543 -0.26 -0.35 0.11 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.69 0.0047 955 -0.47 -0.64 -0.29 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.90 0.0028 -2521 1.26 1.07 1.45 g O2 m
-2 d-1 y-1
|R| 2002-2018 none 17 17 -0.01 0.9677 389 -0.19 -0.25 0.12 g O2 m
-2 d-1 y-1
2002-2011 none 10 10 -0.73 0.0022 863 -0.42 -0.60 -0.33 g O2 m
-2 d-1 y-1
2012-2018 none 7 7 0.90 0.0028 -2139 1.07 0.89 1.18 g O2 m
-2 d-1 y-1
          Variance in Daily Oxygen Concentrations 2002-2018 none 17 17 0.10 0.5976 -2 0.00 -0.04 0.10 mg O2 y
-1
2002-2011 none 10 10 -0.47 0.0726 318 -0.16 -0.20 -0.08 mg O2 y
-1
2012-2018 none 7 7 0.81 0.0107 -937 0.47 0.43 0.56 mg O2 y
-1
          Chlorophyll a 2002-2017 2009, 2010, 2011, 2014, 
2015
16 11 0.35 0.1646 -542 0.27 -0.15 0.48 µg L-1 y-1
          Temperature
Full Day 2002-2018 2013 17 16 0.32 0.0865 -134 0.08 0.04 0.09   y-1
Dawn 2002-2018 2013 17 16 0.35 0.0581 -124 0.07 0.04 0.10   y-1
Dusk 2002-2018 2013 17 16 0.29 0.1240 -91 0.06 0.02 0.07  y-1
           Salinity 2002-2018 none 17 17 0.08 0.6496 -151 0.09 -0.01 0.14 ppt y-1
2002-2011 none 10 10 -0.36 0.1508 150 -0.06 -0.20 0.05 ppt y-1
2012-2018 none 7 7 0.05 1.0000 -297 0.16 -0.20 0.40 ppt y-1
          Dissolved Inorganic Nutrients
Ammonium 2002-2017 2010, 2011 16 14 -0.23 0.2792 194 -0.10 -0.13 0.05 µmol NH4
+ L-1 y-1
Nitrite + Nitrate 2002-2017 2010, 2011, 2016 16 13 -0.01 0.9510 -1 0.00 -0.01 0.13 µmol NOx L
-1 y-1
Phosphate 2002-2017 2009, 2010, 2011 16 13 -0.03 0.9524 9 0.00 -0.02 0.03 µmol PO4
3- L-1 y-1
Weather Station 
          Wind Speed
Annual 2004-2018 2002, 2004, 2007, 2015 15 13 -0.79 0.0003 58 -0.028 -0.033 -0.025 m s-1 y-1




Table B.2 Relationship of oxygen and hypoxia metrics with explanatory variables for the semi-enclosed coastal lagoon for split data sets.   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: NEM (net ecosystem metabolism), Pg (gross primary production), |R| (absolute 





Variables Oxygen Concentrations 
Frequency 
of Hypoxia Hypoxic Season Phenology 
    Full Day Dawn Dusk   Start End Duration 
Semi-enclosed 
Coastal Lagoon                 
 2002–2011                  
  Time 0.22 0.55* -0.55* -0.51** 0.38 -0.31 -0.47* 
  Biological               
  NEM 0.07 -0.18 0.76*** 0.20 -0.24 0.00 0.24 
  Pg -0.67** -0.76*** 0.25 0.58** -0.45* 0.34 0.49** 
  |R| -0.52* -0.84*** 0.25 0.72*** -0.40 0.48* 0.67*** 
  Daily O2 Variability -0.72** -0.74** 0.15 0.58** -0.31 0.39 0.49** 
  Chlorophyll-a -0.20 0.32 -0.11 -0.05 0.24 -0.14 -0.24 
  Physical               
  Temperature  -0.37 -0.04 -0.25 -0.09 -0.04 -0.25 -0.04 
  Salinity -0.49* -0.52* -0.07 0.40 -0.54** 0.25 0.63** 
  Wind Speed  -0.08 -0.23 -0.39 0.16 -0.05 0.37 0.58* 
  Chemical               
  NH4+ -0.55 -0.79** -0.07 0.18 -0.04 0.07 0.11 
  NOx 0.07 -0.28 0.28 0.55* -0.55* 0.15 0.62** 












Variables Oxygen Concentrations 
Frequency 
of Hypoxia Hypoxic Season Phenology 
    Full Day Dawn Dusk   Start End Duration 
Semi-enclosed 
Coastal Lagoon                  
2012–2018                 
  Time -0.53 -0.80* 0.74* 0.65** -0.33 0.24 0.29 
  Biological               
  NEM 0.32 0.00 0.32 0.05 -0.14 0.05 0.29 
  Pg -0.32 -0.60 0.95** 0.55* -0.43 0.14 0.39 
  |R| 0.32 0.60 -0.95** -0.55* 0.43 -0.14 -0.39 
  Daily O2 Variability -0.32 -0.60 0.95** 0.65** -0.52* 0.24 0.49 
  Chlorophyll-a 0.82   -0.33 -0.18 0.00 -0.67 -0.18 
  Physical               
  Temperature  -0.67 -0.53 0.22 0.74** 0.14 0.41 -0.07 
  Salinity -0.11 0.20 -0.53 0.05 0.43 -0.52* -0.49 
  Wind Speed  -0.25 -0.12 0.00 -0.17 -0.08 0.54 0.32 
  Chemical               
  NH4+ 0.00 0.55 -0.80 0.00 0.00 0.28 -0.07 
  NOx 0.82 0.33 0.00 -0.44 0.32 -0.11 -0.32 






Table B.3 Paired correlations across all variables for tidal river estuary in the summer.   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: [O2] (dissolved oxygen concentration), NEM (net ecosystem metabolism), Pg (gross 





1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20
Tidal River 
2002-2018
Year [O2]Full day [O2]Dawn [O2]Dusk Frequency SeasonStart SeasonEnd SeasonDur NEM Pg R Variance O2 Chl a TempFull day Salinity Wind NH4
+ NOx PO4
3-
1 Year -0.26 -0.16 -0.45** 0.47*** -0.38** 0.16 0.24 0.27 -0.48*** 0.43** -0.62*** 0.45* 0.29 0.33* -0.54** -0.31 0.72*** -0.05
2 [O2]Full day -0.26 0.71*** 0.58*** -0.50*** 0.13 0.19 0.11 0.08 0.30 -0.31* 0.18 -0.17 -0.36* -0.35* 0.34 0.33 0.06 -0.23
3 [O2]Dawn -0.16 0.71*** 0.38** -0.38** 0.18 0.24 0.09 0.00 0.15 -0.15 0.05 0.00 -0.42** -0.19 0.07 0.17 0.26 -0.05
4 [O2]Dusk -0.45** 0.58*** 0.38** -0.55*** 0.10 -0.05 0.01 0.10 0.63*** -0.70*** 0.57*** -0.18 -0.34* -0.45** 0.28 0.49** -0.03 -0.13
5 Frequency 0.47*** -0.50*** -0.38** -0.55*** -0.37** 0.01 0.22 -0.06 -0.32* 0.29 -0.35* 0.28 0.40** 0.45** -0.09 -0.31 0.25 0.16
6 SeasonStart -0.38** 0.13 0.18 0.10 -0.37** -0.33* -0.65*** -0.16 -0.04 0.10 0.11 -0.66*** -0.25 -0.10 0.10 0.14 -0.44* -0.12
7 SeasonEnd 0.16 0.19 0.24 -0.05 0.01 -0.33* 0.68*** -0.03 0.01 -0.07 0.05 0.44* -0.29 -0.07 0.10 0.01 0.50* -0.19
8 SeasonDuration 0.24 0.11 0.09 0.01 0.22 -0.65*** 0.68*** 0.03 0.09 -0.16 0.02 0.45* -0.05 0.01 0.07 -0.03 0.44* -0.10
10 NEM 0.27 0.08 0.00 0.10 -0.06 -0.16 -0.03 0.03 -0.12 0.04 -0.13 0.33 0.08 -0.01 -0.41* 0.01 0.20 -0.12
11 Pg -0.48*** 0.30 0.15 0.63*** -0.32* -0.04 0.01 0.09 -0.12 -0.78*** 0.69*** -0.11 -0.17 -0.35* 0.50** 0.29 -0.11 -0.08
12 R 0.43** -0.31* -0.15 -0.70*** 0.29 0.10 -0.07 -0.16 0.04 -0.78*** -0.68*** 0.09 0.20 0.33* -0.47** -0.31 0.14 0.18
13 Variance O2 -0.62*** 0.18 0.05 0.57*** -0.35* 0.11 0.05 0.02 -0.13 0.69*** -0.68*** -0.18 -0.24 -0.35* 0.38* 0.40* -0.44* 0.01
14 Chl a 0.45* -0.17 0.00 -0.18 0.28 -0.66*** 0.44* 0.45* 0.33 -0.11 0.09 -0.18 -0.24 0.02 0.15 -0.07 0.39 -0.09
15 TempFull day 0.29 -0.36* -0.42** -0.34* 0.40** -0.25 -0.29 -0.05 0.08 -0.17 0.20 -0.24 -0.18 0.26 -0.36 -0.11 -0.14 0.32
16 Salinity 0.33* -0.35* -0.19 -0.45** 0.45** -0.10 -0.07 0.01 -0.01 -0.35* 0.33* -0.35* -0.24 0.26 -0.37 -0.60*** 0.11 0.27
17 Wind -0.54** 0.34 0.07 0.28 -0.09 0.10 0.10 0.07 -0.41* 0.50** -0.47** 0.38* 0.15 -0.36 -0.37 0.12 -0.35 -0.61**
18 NH4
+ -0.31 0.33 0.17 0.49** -0.31 0.14 0.01 -0.03 0.01 0.29 -0.31 0.40* -0.07 -0.11 -0.60*** 0.12 0.07 0.00
19 NOx 0.72*** 0.06 0.26 -0.03 0.25 -0.44* 0.50* 0.44* 0.20 -0.11 0.14 -0.44* 0.39 -0.14 0.11 -0.35 0.07 0.28
20 PO4




Table B.4 Paired correlations across all variables for the open basin in the summer.   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: [O2] (dissolved oxygen concentration), NEM (net ecosystem metabolism), Pg (gross 





1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20
Open Basin 
2002-2018
Year [O2]Full day [O2]Dawn [O2]Dusk Frequency SeasonStart SeasonEnd SeasonDur NEM Pg R Variance O2 Chl a TempFull day Salinity Wind NH4
+ NOx PO4
3-
1 Year -0.52*** -0.46** 0.00 0.53*** -0.45** 0.45** 0.52*** 0.15 0.59*** -0.52*** 0.54*** 0.42 0.34** 0.16 -0.54** 0.02 -0.13 -0.11
2 [O2]Full day -0.52*** 0.78*** 0.41** -0.57*** 0.29 -0.18 -0.24 -0.24 -0.29 0.32* -0.33* -0.07 -0.44** -0.03 0.29 -0.26 0.13 -0.07
3 [O2]Dawn -0.46** 0.78*** 0.26 -0.69*** 0.17 -0.19 -0.23 -0.21 -0.42** 0.48** -0.49** -0.07 -0.36* -0.05 0.04 -0.12 0.11 0.16
4 [O2]Dusk 0.00 0.41** 0.26 -0.05 0.02 0.26 0.21 -0.02 0.14 -0.04 0.25 -0.19 -0.20 -0.01 0.13 0.05 0.05 -0.21
5 Frequency 0.53*** -0.57*** -0.69*** -0.05 -0.23 0.32** 0.28 0.09 0.56*** -0.50*** 0.56*** 0.23 0.25 0.07 -0.07 0.08 -0.27 -0.35
6 SeasonStart -0.45** 0.29 0.17 0.02 -0.23 -0.21 -0.69*** -0.12 -0.33** 0.27 -0.22 -0.53** -0.26 -0.28 0.24 0.26 -0.19 -0.11
7 SeasonEnd 0.45** -0.18 -0.19 0.26 0.32** -0.21 0.55*** -0.08 0.17 -0.18 0.49*** 0.42 0.28 -0.06 0.06 -0.10 0.03 -0.02
8 SeasonDuration 0.52*** -0.24 -0.23 0.21 0.28 -0.69*** 0.55*** -0.06 0.28 -0.29 0.47** 0.48** 0.36** 0.20 -0.18 -0.27 0.13 -0.09
10 NEM 0.15 -0.24 -0.21 -0.02 0.09 -0.12 -0.08 -0.06 0.29** -0.17 0.14 -0.20 0.00 -0.25 -0.25 0.29 -0.13 0.37
11 Pg 0.59*** -0.29 -0.42** 0.14 0.56*** -0.33** 0.17 0.28 0.29** -0.76*** 0.62*** 0.37 0.16 0.13 -0.39* 0.07 -0.03 -0.26
12 R -0.52*** 0.32* 0.48** -0.04 -0.50*** 0.27 -0.18 -0.29 -0.17 -0.76*** -0.51*** -0.37 -0.25 -0.24 0.35 0.02 -0.22 0.15
13 Variance O2 0.54*** -0.33* -0.49** 0.25 0.56*** -0.22 0.49*** 0.47** 0.14 0.62*** -0.51*** 0.20 0.20 0.01 -0.15 0.10 -0.24 -0.49**
14 Chl a 0.42 -0.07 -0.07 -0.19 0.23 -0.53** 0.42 0.48** -0.20 0.37 -0.37 0.20 0.38 0.51** -0.50 -0.34 0.30 0.23
15 TempFull day 0.34** -0.44** -0.36* -0.20 0.25 -0.26 0.28 0.36** 0.00 0.16 -0.25 0.20 0.38 0.23 -0.35 -0.05 0.05 -0.19
16 Salinity 0.16 -0.03 -0.05 -0.01 0.07 -0.28 -0.06 0.20 -0.25 0.13 -0.24 0.01 0.51** 0.23 -0.24 -0.28 0.30 -0.19
17 Wind -0.54** 0.29 0.04 0.13 -0.07 0.24 0.06 -0.18 -0.25 -0.39* 0.35 -0.15 -0.50 -0.35 -0.24 -0.13 0.00 -0.37
18 NH4
+ 0.02 -0.26 -0.12 0.05 0.08 0.26 -0.10 -0.27 0.29 0.07 0.02 0.10 -0.34 -0.05 -0.28 -0.13 -0.24 0.28
19 NOx -0.13 0.13 0.11 0.05 -0.27 -0.19 0.03 0.13 -0.13 -0.03 -0.22 -0.24 0.30 0.05 0.30 0.00 -0.24 0.37
20 PO4




Table B.5 Paired correlations across all variables for the semi-enclosed coastal lagoon in the summer, using the full time series (2002–2018).   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Abbreviation definitions: [O2] (dissolved oxygen concentration), NEM (net ecosystem metabolism), Pg (gross 









Year [O2]Full day [O2]Dawn [O2]Dusk Frequency SeasonStart SeasonEnd SeasonDur NEM Pg R Variance O2 Chl a TempFull day Salinity Wind NH4
+ NOx PO4
3-
1 Year -0.45** -0.17 -0.26 0.06 -0.15 0.25 0.24 -0.23 -0.04 -0.01 0.11 0.35 0.32* 0.08 -0.54** -0.21 0.00 -0.01
2 [O2]Full day -0.45** 0.63*** 0.14 -0.42* 0.28 -0.30 -0.43** 0.12 -0.50** 0.46** -0.49** -0.40 -0.38* -0.48** 0.39 0.26 -0.09 0.32
3 [O2]Dawn -0.17 0.63*** -0.10 -0.78*** 0.40* -0.51** -0.63*** -0.13 -0.73*** 0.76*** -0.69*** 0.30 -0.24 -0.43** 0.21 -0.07 -0.18 0.09
4 [O2]Dusk -0.26 0.14 -0.10 0.30 -0.28 -0.01 0.13 0.57*** 0.37* -0.36* 0.36* -0.25 -0.23 -0.24 -0.11 0.14 0.03 0.20
5 Frequency 0.06 -0.42* -0.78*** 0.30 -0.45** 0.42** 0.52*** 0.13 0.63*** -0.72*** 0.67*** 0.02 0.18 0.36* -0.22 -0.02 0.14 0.03
6 SeasonStart -0.15 0.28 0.40* -0.28 -0.45** -0.24 -0.64*** -0.13 -0.36** 0.40** -0.42** 0.04 -0.10 -0.22 0.23 0.04 -0.39* -0.13
7 SeasonEnd 0.25 -0.30 -0.51** -0.01 0.42** -0.24 0.61*** -0.07 0.22 -0.31* 0.33* -0.04 0.03 0.07 0.03 0.08 0.12 -0.03
8 SeasonDuration 0.24 -0.43** -0.63*** 0.13 0.52*** -0.64*** 0.61*** 0.11 0.33* -0.44** 0.44** -0.07 0.05 0.28 -0.09 -0.02 0.37* 0.03
10 NEM -0.23 0.12 -0.13 0.57*** 0.13 -0.13 -0.07 0.11 0.28 -0.27 0.28 -0.42* -0.40** 0.07 0.04 -0.03 0.08 0.12
11 Pg -0.04 -0.50** -0.73*** 0.37* 0.63*** -0.36** 0.22 0.33* 0.28 -0.90*** 0.80*** 0.04 0.08 0.31* -0.12 -0.27 -0.07 -0.26
12 R -0.01 0.46** 0.76*** -0.36* -0.72*** 0.40** -0.31* -0.44** -0.27 -0.90*** -0.82*** -0.06 -0.10 -0.32* 0.12 0.24 -0.04 0.17
13 Variance O2 0.11 -0.49** -0.69*** 0.36* 0.67*** -0.42** 0.33* 0.44** 0.28 0.80*** -0.82*** 0.09 0.14 0.28 -0.18 -0.14 0.03 -0.14
14 Chl a 0.35 -0.40 0.30 -0.25 0.02 0.04 -0.04 -0.07 -0.42* 0.04 -0.06 0.09 0.49** -0.11 -0.85*** -0.26 0.04 -0.11
15 TempFull day 0.32* -0.38* -0.24 -0.23 0.18 -0.10 0.03 0.05 -0.40** 0.08 -0.10 0.14 0.49** 0.16 -0.27 0.08 0.10 -0.02
16 Salinity 0.08 -0.48** -0.43** -0.24 0.36* -0.22 0.07 0.28 0.07 0.31* -0.32* 0.28 -0.11 0.16 -0.18 -0.24 0.16 -0.09
17 Wind -0.54** 0.39 0.21 -0.11 -0.22 0.23 0.03 -0.09 0.04 -0.12 0.12 -0.18 -0.85*** -0.27 -0.18 0.08 -0.23 -0.37
18 NH4
+ -0.21 0.26 -0.07 0.14 -0.02 0.04 0.08 -0.02 -0.03 -0.27 0.24 -0.14 -0.26 0.08 -0.24 0.08 -0.01 0.43**
19 NOx 0.00 -0.09 -0.18 0.03 0.14 -0.39* 0.12 0.37* 0.08 -0.07 -0.04 0.03 0.04 0.10 0.16 -0.23 -0.01 0.46**
20 PO4




Table B.6 Paired correlations across all variables for the semi-enclosed coastal lagoon in the summer, using the first ten years of the time series 
(2002–2011). 
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Note that the sample size is small for these tests.  Correlations and p-values should be interpreted for general trends 
and not as specific values.  Abbreviation definitions: [O2] (dissolved oxygen concentration), NEM (net ecosystem metabolism), Pg (gross primary 








Year [O2]Full day [O2]Dawn [O2]Dusk Frequency SeasonStart SeasonEnd SeasonDur NEM Pg R Variance O2 Chl a TempFull day Salinity Wind NH4
+ NOx PO4
3-
1 Year 0.22 0.55* -0.55* -0.51** 0.38 -0.31 -0.47* -0.42* -0.67*** 0.72*** -0.45* 0.24 0.13 -0.36 -0.37 -0.04 -0.62** 0.00
2 [O2]Full day 0.22 0.72** 0.04 -0.44 0.30 -0.11 -0.44 0.07 -0.67** 0.52* -0.72** -0.20 -0.37 -0.49* -0.08 -0.55 0.07 0.11
3 [O2]Dawn 0.55* 0.72** -0.07 -0.76*** 0.40 -0.44 -0.76*** -0.18 -0.76*** 0.84*** -0.74** 0.32 -0.04 -0.52* -0.23 -0.79** -0.28 -0.44
4 [O2]Dusk -0.55* 0.04 -0.07 0.18 -0.25 -0.15 0.04 0.76*** 0.25 -0.25 0.15 -0.11 -0.25 -0.07 -0.39 -0.07 0.28 0.00
5 Frequency -0.51** -0.44 -0.76*** 0.18 -0.42* 0.54** 0.78*** 0.20 0.58** -0.72*** 0.58** -0.05 -0.09 0.40 0.16 0.18 0.55* 0.39
6 SeasonStart 0.38 0.30 0.40 -0.25 -0.42* -0.04 -0.56** -0.24 -0.45* 0.40 -0.31 0.24 -0.04 -0.54** -0.05 -0.04 -0.55* -0.20
7 SeasonEnd -0.31 -0.11 -0.44 -0.15 0.54** -0.04 0.49** 0.00 0.34 -0.48* 0.39 -0.14 -0.25 0.25 0.37 0.07 0.15 0.10
8 SeasonDuration -0.47* -0.44 -0.76*** 0.04 0.78*** -0.56** 0.49** 0.24 0.49** -0.67*** 0.49** -0.24 -0.04 0.63** 0.58* 0.11 0.62** 0.39
10 NEM -0.42* 0.07 -0.18 0.76*** 0.20 -0.24 0.00 0.24 0.18 -0.27 0.13 -0.52* -0.40 0.22 0.16 0.04 0.40 0.20
11 Pg -0.67*** -0.67** -0.76*** 0.25 0.58** -0.45* 0.34 0.49** 0.18 -0.84*** 0.80*** 0.10 0.02 0.48* 0.22 0.00 0.30 -0.25
12 R 0.72*** 0.52* 0.84*** -0.25 -0.72*** 0.40 -0.48* -0.67*** -0.27 -0.84*** -0.70*** 0.00 0.02 -0.43* -0.26 -0.07 -0.44 -0.05
13 Variance O2 -0.45* -0.72** -0.74** 0.15 0.58** -0.31 0.39 0.49** 0.13 0.80*** -0.70*** 0.24 0.16 0.48* 0.00 0.11 0.18 -0.10
14 Chl a 0.24 -0.20 0.32 -0.11 -0.05 0.24 -0.14 -0.24 -0.52* 0.10 0.00 0.24 0.68** -0.43 -0.67 -0.20 -0.39 -0.39
15 TempFull day 0.13 -0.37 -0.04 -0.25 -0.09 -0.04 -0.25 -0.04 -0.40 0.02 0.02 0.16 0.68** -0.07 -0.05 0.22 -0.07 -0.15
16 Salinity -0.36 -0.49* -0.52* -0.07 0.40 -0.54** 0.25 0.63** 0.22 0.48* -0.43* 0.48* -0.43 -0.07 0.43 0.04 0.40 0.00
17 Wind -0.37 -0.08 -0.23 -0.39 0.16 -0.05 0.37 0.58* 0.16 0.22 -0.26 0.00 -0.67 -0.05 0.43 -0.32 0.67 0.00
18 NH4
+ -0.04 -0.55 -0.79** -0.07 0.18 -0.04 0.07 0.11 0.04 0.00 -0.07 0.11 -0.20 0.22 0.04 -0.32 -0.07 0.55*
19 NOx -0.62** 0.07 -0.28 0.28 0.55* -0.55* 0.15 0.62** 0.40 0.30 -0.44 0.18 -0.39 -0.07 0.40 0.67 -0.07 0.25
20 PO4




Table B.7 Paired correlations across all variables for the semi-enclosed coastal lagoon in the summer, using the most recent seven years of the 
time series (2012–2018).   
Values represent Kendall’s Tau (rank sum correlation) and bold font signifies significance (p<0.1), and stars indicate three levels of significance: * 
(p<0.1), ** (P<0.05), *** (p<0.01).  Correlations and p-values should be interpreted for general trends and not as specific values.  Abbreviation 
definitions: [O2] (dissolved oxygen concentration), NEM (net ecosystem metabolism), Pg (gross primary production), |R| (absolute respiration), Chl-a 








Year [O2]Full day [O2]Dawn [O2]Dusk Frequency SeasonStart SeasonEnd SeasonDur NEM Pg R Variance O2 Chl a TempFull day Salinity Wind NH4
+ NOx PO4
3-
1 Year -0.53 -0.80* 0.74* 0.65** -0.33 0.24 0.29 0.24 0.90*** -0.90*** 0.81** 0.00 0.28 0.05 -0.08 -0.55 -0.53 -0.20
2 [O2]Full day -0.53 0.74* -0.22 -0.59 -0.11 -0.32 0.00 0.32 -0.32 0.32 -0.32 0.82 -0.67 -0.11 -0.25 0.00 0.82 0.55
3 [O2]Dawn -0.80* 0.74* -0.53 -0.89** 0.20 -0.60 -0.32 0.00 -0.60 0.60 -0.60 1.00 -0.53 0.20 -0.12 0.55 0.33 0.33
4 [O2]Dusk 0.74* -0.22 -0.53 0.71 -0.53 0.53 0.67 0.32 0.95** -0.95** 0.95** -0.33 0.22 -0.53 0.00 -0.80 0.00 0.18
5 Frequency 0.65** -0.59 -0.89** 0.71 -0.35 0.45 0.31 0.05 0.55* -0.55* 0.65** -0.18 0.74** 0.05 -0.17 0.00 -0.44 -0.36
6 SeasonStart -0.33 -0.11 0.20 -0.53 -0.35 -0.33 -0.88*** -0.14 -0.43 0.43 -0.52* 0.00 0.14 0.43 -0.08 0.00 0.32 0.07
7 SeasonEnd 0.24 -0.32 -0.60 0.53 0.45 -0.33 0.49 0.05 0.14 -0.14 0.24 -0.67 0.41 -0.52* 0.54 0.28 -0.11 -0.07
8 SeasonDuration 0.29 0.00 -0.32 0.67 0.31 -0.88*** 0.49 0.29 0.39 -0.39 0.49 -0.18 -0.07 -0.49 0.32 -0.07 -0.32 -0.14
10 NEM 0.24 0.32 0.00 0.32 0.05 -0.14 0.05 0.29 0.33 -0.33 0.43 0.00 -0.41 0.05 0.08 -0.28 -0.11 0.07
11 Pg 0.90*** -0.32 -0.60 0.95** 0.55* -0.43 0.14 0.39 0.33 -1.00*** 0.90*** 0.00 0.14 -0.05 -0.08 -0.55 -0.53 -0.20
12 R -0.90*** 0.32 0.60 -0.95** -0.55* 0.43 -0.14 -0.39 -0.33 -1.00*** -0.90*** 0.00 -0.14 0.05 0.08 0.55 0.53 0.20
13 Variance O2 0.81** -0.32 -0.60 0.95** 0.65** -0.52* 0.24 0.49 0.43 0.90*** -0.90*** 0.00 0.14 -0.14 -0.08 -0.41 -0.32 -0.07
14 Chl a 0.00 0.82 1.00 -0.33 -0.18 0.00 -0.67 -0.18 0.00 0.00 0.00 0.00 -0.33 0.33 -0.91* -0.33 0.33 0.33
15 TempFull day 0.28 -0.67 -0.53 0.22 0.74** 0.14 0.41 -0.07 -0.41 0.14 -0.14 0.14 -0.33 0.28 -0.25 0.67 0.00 -0.11
16 Salinity 0.05 -0.11 0.20 -0.53 0.05 0.43 -0.52* -0.49 0.05 -0.05 0.05 -0.14 0.33 0.28 -0.39 0.00 -0.32 -0.20
17 Wind -0.08 -0.25 -0.12 0.00 -0.17 -0.08 0.54 0.32 0.08 -0.08 0.08 -0.08 -0.91* -0.25 -0.39 0.12 -0.55 -0.45
18 NH4
+ -0.55 0.00 0.55 -0.80 0.00 0.00 0.28 -0.07 -0.28 -0.55 0.55 -0.41 -0.33 0.67 0.00 0.12 0.11 0.14
19 NOx -0.53 0.82 0.33 0.00 -0.44 0.32 -0.11 -0.32 -0.11 -0.53 0.53 -0.32 0.33 0.00 -0.32 -0.55 0.11 0.95**
20 PO4





Table B.8 Nutrient concentrations from surface and bottom waters across three estuary types.   
Values are means plus or minus the standard error from samples collected by authors (Foster & Fulweiler) 
on three dates:  23-Sep-2013, 21-Oct-2013, 2-Dec-2013. 
 
  Water-column Location 
Ammonium   
(µmol NH4+ L-1) 
Nitrate + Nitrite 
(µmol NOx L-1) 
Phosphate     
(µmol PO43- L-1) 
Tidal River          
  Surface 2.8 ±  0.6 37.9 ± 1.4 0.32 ± 0.10 
  Bottom 3.6 ±  1.5 2.2 ± 1.2 0.20 ± 0.09 
Open Basin          
  Surface 3.2 ± 0.7 0.66 ± 0.49 0.20 ± 0.03 
  Bottom 2.6 ± 0.9 0.43 ± 0.25 0.24 ± 0.06 
Semi-enclosed 
Coastal Lagoon          
  Surface  2.6 ± 0.8 0.07 ± 0.02 0.20 ± 0.07 










Figure B.1 Temporal variability in the dissolved oxygen (O2) datasets across three estuary types 
Tidal river (plots a, b, c), open basin (plots d, e, f), and coastal lagoon (plots g, h, i).  Full dissolved oxygen 
time series (plots a, d, g), annual variability (plots b, e, h), and summer diel variability (plots c, f, i).  The 
annual signal is characterized by having relatively high and less variable median oxygen concentrations in 
the winter/spring while summer months (i.e., July & August) have the lowest and most variable median 
concentrations.  During a typical summer day, oxygen concentrations are lowest at dawn (i.e., hours 4–8) 












Figure B.2 Periodicity in dissolved oxygen time series across three estuary types.  
Tidal river (plots a, b), open basin (plots c, d), and coastal lagoon (plots e, f).  Using Fourier transform 
equation we converted the data from the time domain to the frequency domain in order to determine the 
frequency of repeating patterns.  By plotting the amplitude spectrum by the period, we determined the 
timing and amplitude of dominant signals in the time series.  We used representative sets of data with 
nearly continuous (i.e., no missing data) in order to clearly see the signals.  For the annual scale (Plots a, c, 
e) we used 2011 and for weekly scale (plots b, d, f) we used July and August months from 2017.  We The 
dissolved oxygen time series for all stations shows three reoccurring cycles:  the strongest signal occurs on 
an annual frequency (plots a, c, e) followed by a diel signal and finally a half-day (plots b, d, f).  The annual 
and diel patterns are driven by photosynthesis and respiration responding to seasonal changes in light and 








Figure B.3 Changes to hypoxic season phenology in the semi-enclosed coastal lagoon for split time series.  
The hypoxic season start (plots a) is defined as the first day of year (DOY) that hypoxic conditions occur (i.e., dissolved oxygen concentrations ≤ 3 mg 
O2 L-1), and the season end (plots b) is the last day of year with hypoxia.  Season duration (plots c) is the difference between end day of year and start 









Figure B.4 Daily variance in summer dissolved oxygen (O2) concentrations across three estuary 
types. 
Tidal river (plot a), open basin (plot b), and coastal lagoon (plot c).  Lines represent Theil-Sen slope, and 





Figure B.5 Main factors and processes that determine water-column dissolved oxygen concentration 
in coastal marine environments.  







Figure B.6 Macrophyte type and biomass for semi-enclosed coastal lagoon across four survey years. 
Each colored bar section represents the mean grams dry weight per meter squared (g.d.w. m-2) of a macrophyte genus or species from all grab samples 
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